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ABSTRACT 
 
Hydraulic fracturing fluids are usually prepared in the field using fresh water. 
High costs of water acquisition and waste water disposal, and the lack of available water 
resources near operation sites, make the reuse of produced water an unavoidable option. 
One of the fluid properties to be considered in investigating the applicability of these 
fluids as the fracturing base fluid is the total dissolved solids (TDS).  
The main objectives of the first section of this work are to investigate the 
feasibility of using produced water in hydraulic fracturing in sandstone fields at reservoir 
temperatures and study the use of chelating agents to expand the acceptable range of 
TDS in fracturing base fluids. The effect of salts and chelating agents on the proppant 
transport and rheological properties of fracturing fluids was examined in detail. A high-
pH guar/borate fluid was selected as the base fluid and loaded with different 
concentrations of sodium, potassium, calcium, magnesium, and 
ethylenediaminetetraacetic acid, diammonium salt (EDTA). The experiments were 
conducted at 140, 225, and 305°F and a pressure of 300 psi.  
The results show that the presence of 2 wt% EDTA increased the acceptable 
maximum limit for TDS content of the base hydraulic fracturing fluid without 
compromising the performance of the fluid. More than 85% of analyzed flowback fluids 
from the West Texas region (Ozona, Canyon) were suitable to be used in future jobs 
with no further treatment regarding ion contents.  
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In the second section, we developed a decision tree to optimize selection of 
fracturing fluid based on extensive reservoir data obtained from tight sand fields in 
Texas. We reviewed completion and production reports on 164 wells, from five tight gas 
sand reservoirs in Texas, that were completed using six different fracturing fluid 
categories. Bottomhole temperature, reservoir pressure gradient, mechanical strength of 
barriers above and below the target zone, and pay zone thickness were the six selected 
variables for this analysis. We could reach the Out-Of-Bag error of 28.54% which seems 
reasonable with the complex dataset understudy. Bottomhole temperature and Young’s 
modulus of the lower barrier are the most and the least important variables in this 
process, respectively. CO2/N2/foam assisted hybrid fluid was the best predicted by our 
model with an error of approximately 20%. 
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CHAPTER I  
INTRODUCTION  
 
Hydraulic fracturing is the most effective stimulation treatment in 
unconventional resources. One of the most important challenges in fracturing operations 
is the large volumes of water consumption and waste water disposal. Environmental and 
economical attributes of flowback fluids in the oil industry make water treatment an 
inevitable decision. Applications of produced water in hydraulic fracturing jobs result in 
low quality fracturing fluid. This is especially true for flowback fluids, which contain 
high polymer loading. However, seawater and flowback water, obtained either from 
slickwater or other treatments with low chemical loadings, can also be considered to be 
used as the base fluid for the hydraulic fracturing jobs. Currently, no practical operating 
range for produced water content is available, and applied methods are individually 
developed for specific jobs. Literature review indicated that use of chemical treatment 
techniques in reuse of produced waters has recently increased. A few practical ranges for 
TDS limitation were previously determined. Most of the reported ranges of TDS were 
based on specific jobs.  
Furthermore, optimum selection of the fracturing fluid requires a profound 
understanding of the related reservoir properties. In this work, we developed a robust 
model for improved selection of fracturing fluids in tight gas sand formations. The 
application of the developed model can lead to reduction of the cost associated with 
hydraulic fracturing projects and enhancement of the ultimate production. 
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1.1 Background 
 
Large amounts of produced water in the oil industry make it an international 
concern. More than 7 billion barrels of water were produced in 2007 in Texas alone, 
which was 35% of total U.S. produced water (Clark and Veil 2009). The use of five 
million gallons of fresh water in unconventional wells during hydraulic fracturing jobs is 
very common. The main sources to provide fresh water for fracturing jobs are ponds, 
rivers, and aquifers.  Sometimes these sources are far from the location, and the 
shipment of the water from long distances to the well site is needed. Flowback and 
produced water can contain dissolved organic materials, fracturing fluid additives, and 
dissolved minerals from the formation (Fontenelle et al. 2013). Initial load recovery for 
the Pinedale Anticline field, located in southwestern Wyoming, is approximately 25 to 
50% (Shafer 2011). Transportation costs is a major portion of the cost of water 
acquisition and handling, 56 to 84% of total costs, which can justify re-use of produced 
water from an economic point of view (Stepan et al. 2010). 
Fracturing fluid contents can vary and include gelling agents, crosslinkers, pH 
adjusting agents, friction reducers, breakers, scale inhibitors, corrosion inhibitors, 
biocides, iron control agents, and some more additives, based on jobs requirements. The 
additives selection depends on location, reservoir formation and fluid, base fluid, and job 
design preference (Loveless et al. 2011). Required water treatments to qualify produced 
waters for hydraulic fracturing applications are not intensive (Blauch 2010). Harris et al. 
(2005) supported this by stating, “Several rheological properties directly impact a frac 
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fluid’s performance: (1) apparent viscosity, (2) yield stress, (3) dynamic viscosity, (4) 
rheomalaxis (irreversible thixotropy), (5) viscoelasticity, and (6) the related issue of 
turbulent-drag reduction.” One of the methods applied in water treatment was the 
electrocoagulation (EC) method. EC does not remove dissolved ions, so the salinity of 
the treated fluid is high (Fontenelle et al. 2013). A previous work introduced a substitute 
for commonly used fracturing fluid, which consists of modified guar, buffer, and 
crosslinker in a NaBr brine solution in ultra-deep wells. In ultra-deep fracturing 
stimulation, high-density brine-based fluid is needed to control hydrostatic pressures. 
The commonly used system is hard to break and expensive. They reported improvement 
in proppant transporting and a regain in conductivity in the developed fluid (Gupta et al. 
2012a). Harris et al. (2005) also stated, “Proppant transport is a function of (1) wellbore 
and fracture geometry; (2) volumetric rate; (3) proppant size, concentration and specific 
density; and (4) carrier-fluid rheology  
The main functions of fracturing fluids are having sufficient viscosity to generate 
fracture geometry and transport proppants (Harris et al. 2009a). In another work, 
produced water was used in fracturing fluid focusing on the good proppant transport 
characteristics and good regain of conductivity. The polymer/surfactant ratio, breaker 
effect, conductivity, and friction loop tests were applied at various temperatures and 
different loadings (Gupta et al. 2012a, 2012b). 
The quality of flowback fluid depends on the applied treatment as well as 
formation and hydrocarbon characteristics. The TDS of flowback fluids can range from 
100 to over 400,000 mg/l (Guerra et al. 2011). Some jobs, such as slickwater treatments, 
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can flow back fairly fresh waters that can be reused after some hydrocarbon and organic 
material removal, pH adjustment, scale removal, and bacteria removal processes. In high 
salt contaminated fluids it is also necessary to reduce the TDS of the fluid. This is one of 
the most important processes in water treatments and various techniques like 
evaporation, membrane filtration, distillation, electric separation, and chemical treatment 
have been tried by various operators (Arthur et al. 2005; Arthur et al. 2010; Veil 2010). 
These methods have shown limited success in some cases. This has encouraged oil and 
gas companies to invest more on water treatment systems and to develop new techniques 
to reduce costs. Onsite treatments can greatly help to reduce water acquisition, 
transportation, and disposal costs. Quality and quantity of flowback fluids, future job 
characteristics, governmental, and practicability are factors that influence the decision 
making process. 
The idea of using seawater and produced water in hydraulic fracturing is not new 
(Harris and van Batenburg 1999; Le and Wood 1992). Previous works indicated that 
there were conflicting opinions regarding the concept of using other sources of water 
instead of fresh water. For example, some researchers show that high salinity can help 
breakers while others believe the reverse effect (Harris and van Batenburg 1999; Hassen 
et al. 2012). Although borate crosslinked guar-based gel has minimal shear sensitivity 
and gel residue (Wiskofske et al. 1997), Gupta et al. (2013) stated that despite better and 
faster clean up and the ability to provide good proppant pack conductivity, conventional 
borate crosslinkers are not good candidates at temperatures greater than 225°F. The wide 
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differences in these reports have resulted in uncertainty regarding the use of the 
methodology. 
This study investigated the role of chelating agents to increase the admissibility 
of higher TDS in the fracturing fluids without compromising their main functions. The 
effect of chelating agents on multivalent cations has been widely studied (Putzig and St. 
Clair 2007; Blauch 2010; Fedorov et al. 2010, 2014; Gupta et al. 2013). EDTA was 
applied to reduce or eliminate the impact of divalent cations (Mg2+ and Ca2+). The 
interference of high concentrations of monovalent cations such as Na+ and K+ with 
viscosity build up was reduced by using a more compatible buffer and higher pH. The 
suitable pH window for guar/borate crosslinker starts from 9.5 (Pezron et al. 1990). In 
this study, the range of pH values was 10.5 to 12.5. 
The first part of this study sets the proppant transport, viscosity, and rheological 
properties of fracturing fluids as the main concerns to define the critical dissolved solid 
contents in the reuse of flowback fluid to help minimize water handling costs and 
footprints. 
Fracturing fluid selection is a crucial element of hydraulic fracturing treatment 
design. Certain variables, such as reservoir pressure and temperature, thickness of 
fracturing interval, strength of upper and lower barriers, half-length fracture, existence of 
natural fractures, and formation lithology can affect efficiency of the hydraulic fracture 
job. Computational and statistical techniques such as empirical relationships, 
multivariate analysis, Artificial Neural Network (ANN), nearest neighbor algorithm have 
been commonly applied for optimizing hydraulic fracturing design (Ali 1994; 
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Anifowose et al. 2013; Sitouah et al. 2013; Voneiff et al. 2013 and 2014; Aulia et al. 
2014; Mehrgini et al. 2014; Maucec et al. 2015). However, these techniques are often 
blindly applied, without a sufficient statistical and computational background, which can 
lead to inaccurate outcome. Fundamental understanding of statistical techniques can help 
in selection of the appropriate method for a reliable application of these techniques. A 
dependable model should generate high prediction accuracy without high level of 
computational complexity (Sitouah et al. 2013). 
The ensemble learning models have showed superior performance over the other 
individual learning techniques in solving complex problems. After investigating and 
examining different methods, random forest algorithm was selected as the most 
appropriate technique for building a fracturing fluid selection model. Random forest is 
especially suitable for this case where there are discrete and continuous variables and 
available data are often noisy and contain missing values (Anifowose et al. 2013). 
In the second part of this work, we developed a robust model for improved 
selection of fracturing fluids in tight gas sand formations. The application of the 
developed model can lead to reduction of the cost associated with hydraulic fracturing 
projects and enhancement of the ultimate production.  
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1.2 Statement of Problem 
 
Economic production from tight sand gas reservoirs usually involves multistage 
hydraulic fracturing. High costs of water acquisition and waste water disposal, and the 
lack of available water resources near operation sites, make the reuse of produced water 
an unavoidable option. However, recycling produced water in hydraulic fracturing jobs 
result in low quality fracturing fluids, which usually have high levels of hardness and 
salinity. This is especially true for flowback fluids, which contain high polymer loading. 
The viscosity and rheological properties of fracturing fluids significantly affect leak-off 
rate, proppant placement, length and width of fractures, fracture conductivity, and 
consequently, the success of the treatment.  
On the other hand, hydraulic fracturing is essential for development of tight gas 
sand formations. However, optimum selection of the fracturing fluid requires a profound 
understanding of the related reservoir properties. In this work, we developed a robust 
model for improved selection of fracturing fluids in tight gas sand formations. The 
application of the developed model can lead to reduction of the cost associated with 
hydraulic fracturing projects and enhancement of the ultimate production.  
The objective of this study is to determine and improve the acceptable dissolved 
solid contents for flowback fluids to prepare fracturing fluids and introduce a reliable 
fluid selection method based on field data. 
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1.3 Research Objectives 
 
Literature review indicated that the use of chemical treatment systems have 
recently received increased attention regarding TDS. The overall goal of the project is to 
provide industry with a viable option for the reuse of produced water. The detailed 
objectives of this work can be summarized as follows: 
1. Investigation of the feasibility of using produced water in hydraulic fracturing 
stimulation in sandstone fields at reservoir temperature 
2. Introduction of new techniques to evaluate the flowback fluid and to 
purify/qualify produced water 
3. Develop a robust advisory system for selection of fracturing fluid in tight gas 
sand reservoirs  
4. Reduction of high costs for water acquisition and produced water disposal 
 
 
1.4 Method Overview 
 
Analyses of 36 flowback fluid samples from the West Texas region were 
collected, and experimental studies were conducted on the analysis of the dissolved 
solids of produced water, which affect the application of flowback fluids and the 
capability of prepared fluids in proppant transport and handling. A high-pH borate 
crosslinked guar-based polymer was selected to determine the ranges of acceptable salt 
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contents. Dynamic viscosity and rheological properties tests, static proppant settling, and 
small-amplitude oscillation rheology were the methods used to evaluate prepared 
samples at low, medium, and high temperatures up to 305°F. 
Some divalent cations such as calcium and magnesium have negative effects on 
the prepared polymers. Magnesium is the controlling ion, and approximately 30% of 
flowback fluids must be treated to meet the maximum acceptable concentration criterion. 
While monovalent cations such as sodium and potassium were tolerable at higher 
concentrations and the potassium contents in almost all flowback fluids met the 
determined acceptable value, more than 40% of samples required treatment for high 
sodium ion concentrations. Although the presence of other ions such as iron show no 
significant variation in fracturing fluid properties, they can affect treatment in special 
cases. Adjusting the concentrations of the polymer, buffer, and crosslinker can minimize 
the adverse effects of temperature and salts. The fluids prepared with the determined 
ranges of dissolved solids showed reasonable thermal stability and proppant transport 
characteristics. This work introduces the practical operating range for produced water 
composition and defines the ions that can adversely impact borate-crosslinked fracturing 
fluid characteristics at different temperatures. 
The methodology part of constructing the decision rule for fluid selection is 
based on Random Forest learning method, which is one of the most common decision 
tree methods for relatively complex trees. We use this method since there is uncertainty 
about the structure of how covariates can enter the model. Moreover, this method has 
potential to reflect relatively complex forms of structure which seems hard or even 
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infeasible to detect with conventional methods of modeling. For instance, in this 
problem where predictors are a combination of factors and continuous variables.  
 
 
1.5 Outline of Dissertation 
 
Following the introductory chapter, this dissertation includes four additional 
chapters. Chapter II focuses on the analysis of the dissolved solid contents of produced 
water, which affects the application of flowback fluids and the capability of prepared 
fluids in proppant transport and handling. A series of laboratory experiments were 
conducted on a high-pH borate crosslinked guar-based polymer to determine the effects 
of salt species on the prepared polymer, ranges of acceptable salts contents, and ability 
to transport proppant. For this purpose, analyses of 36 flowback fluid samples from the 
West Texas region have been collected, and the maximum and minimum values of all of 
the contents have been determined to investigate the impact factor of each component. 
Dynamic rheology tests, traditional changing shear rates, the steady-shear viscosity, and 
small-amplitude oscillation rheology, were the methods used to evaluate prepared 
samples. 
Chapter III objectives are to: (a) to investigate the feasibility of using produced 
water in hydraulic fracturing in sandstone fields at reservoir temperatures, (b) introduce 
new techniques to evaluate the flowback fluid and to purify/qualify produced water at 
high temperatures, and (c) study the use of chelating agents to expand the acceptable 
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range of TDS in fracturing base fluids. The effect of salts and chelating agents on the 
proppant transport and rheological properties of fracturing fluids was examined in detail. 
Chapter IV focuses on developing a decision method to optimize selection of 
fracturing fluid based on extensive reservoir data obtained from tight sand fields in 
Texas. The influential reservoir parameters for development of this model were selected 
based on information obtained from literature, reservoir simulations, and outcome of 
surveys filled out by fracturing experts. Finding a correlation between these variables 
and the fracturing fluid is a challenging task. 
Finally, Chapter V summarizes the concluding remarks of the research stemming 
from this dissertation and recommendations for future research.  
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CHAPTER II 
EFFECT OF DISSOLVED SOLIDS ON REUSE OF PRODUCED WATER AT HIGH 
TEMPERATURE IN HYDRAULIC FRACTURING JOBS* 
 
2.1 Introduction 
 
The oil and gas industry is one of the largest fresh water consumers, as well as 
one of the highest contaminant water producers. More than 7 billion barrels of water 
were produced in Texas in 2007, more than one third of total U.S. produced water (Clark 
and Veil 2009). Each hydraulic fracturing job in unconventional wells usually consumes 
more than five million gallons of fresh water. The main sources providing fresh water 
for fracturing jobs are ponds, rivers, and aquifers. Sometimes these sources are far from 
the locations, requiring shipment of water over long distances to the well-site. Flowback 
and produced water can contain dissolved organic materials, fracturing fluid additives, 
and dissolved minerals from the formation (Fontenelle et al. 2013). The cost of water 
acquisition and handling in the Bakken field in 2010 ranged from 2.00 to 16.80 dollars 
per barrel; 56 to 84% of total costs were transportation costs, the reduction of which is a 
very good motivation to use produced water on site (Stepan et al. 2010). 
 
_______________________________________ 
*Reprinted with permission from “Effect of Dissolved Solids on Reuse of Produced 
Water at High Temperature in Hydraulic Fracturing Jobs” by Ashkan Haghshenas and 
Hisham Nasr-El-Din, 2014. Journal of Natural Gas Science and Engineering. 21 (2014) 
316-325, Copyright 2014 by Elsevier B.V. 
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Fracturing fluids must have sufficient viscosity to generate fracture geometry and 
transport proppants (Harris et al. 2009a). Fracturing fluid contents can vary and include 
gelling agents, crosslinkers, pH adjusting agents, friction reducers, breakers, scale 
inhibitors, corrosion inhibitors, biocides, iron control agents, and some additional 
additives, based on job requirements. The selection of specific additives depends on the 
location, reservoir formation and fluid, base fluid, and job-design preference (Loveless 
et al. 2011). Harris et al. (2005) stated that the following rheological properties have a 
direct impact on the performance of a fracturing fluid: (1) apparent viscosity, (2) yield 
stress, (3) dynamic viscosity, (4) rheomalaxis (irreversible thixotropy), (5) 
viscoelasticity, and (6) the related issue of turbulent-drag reduction. In the presence of 
various chemical species, such as simple salts, alkalis, and surfactants, the physical and 
chemical nature of polymer molecules can change significantly during treatment 
processes (Nasr-El-Din and Taylor 1996). Gupta et al. (2012a) introduced a substitute 
for commonly used fracturing fluid, which consists of modified guar, buffer, and 
crosslinker in a NaBr brine solution for fracturing in ultra-deep wells. In ultra-deep 
fracturing stimulation, high-density brine-based fluid is needed to control hydrostatic 
pressures. The commonly used system is expensive and hard to break. The authors 
reported improvement in proppant transport and regaining conductivity in the developed 
fluid. Harris et al. (2005) stated that proppant transport is a function of (1) wellbore and 
fracture geometry; (2) volumetric rate; (3) proppant size, concentration and specific 
density; and (4) carrier-fluid rheology. Gupta et al. (2012a, 2012b) investigated the use 
of produced water in fracturing fluid, focusing on good proppant transport characteristics 
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and good restoration of conductivity. The polymer/surfactant ratio, breaker effect, 
conductivity, and friction loop tests were examined at various temperatures and different 
loadings. 
This study sets forth the proppant transport and rheological properties of 
fracturing fluids as the main concerns to define the critical dissolved solid contents in the 
reuse of flowback fluid to help minimize water handling costs and footprints. 
 
 
2.2 Experimental Studies 
 
The experimental approach in this work focuses on rheological properties and 
proppant transport of fracturing fluids containing maximum acceptable ion contents. A 
guar-based gel is selected as the base fluid in this investigation. Although guar has 8 to 
13% residue by weight, it actually has less residue by volume because of its high density 
material. Depending on the application, guar is an acceptable polymer. Also, crosslinked 
gel minimizes the amount of gel residue, and borate systems have minimal shear 
sensitivity (Wiskofske et al. 1998).  
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2.3 Flowback Fluid Analyses 
 
Analyses of 36 samples from the West Texas region were collected, and 
maximum and minimum values of all the contents have been determined to investigate 
the impact factor of each component (Table 2.1). The first four ions in Table 2.1 (Na+, 
K+, Mg2+, and Ca2+) are the most influential ones in the reuse of flowback fluid; 
therefore, they were thoroughly examined. 
 
 
2.4 Materials 
 
A borate crosslinked galactomannan (guar/borate) was selected as the base fluid. 
This fluid consists of guar gum, buffer (potassium carbonate, monoethanolamine, and a 
mixture of potassium carbonate and potassium hydroxide), and a crosslinker (borate 
solution) as the base components. Deionized (DI) water was used to prepare polymer 
solutions. ACS Grade salts (CaCl2∙2H2O, MgCl2∙6H2O, KCl, and NaCl) were used to 
prepare synthetic flowback fluids. 
 
 
2.5  Procedures  
 
The following procedure was used to prepare all samples: 
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1.     700 (± 5) ml of fresh water or salt water was placed in a 1000 ml beaker to prepare 
the linear gel. 
2.     A blender was used at 500 rpm circulating rate, which was needed to establish a 
vortex shape with no air bubbles trapped.   
3.     A predetermined volume of the guar gum was added slowly from the shoulder of 
the created vortex to prepare 20, 35, and 50 pptg (pound per thousand gallons) of 
polymer loading. 
4.     The solution was mixed for 30 (± 1) minutes. An increase in the rotational speed to 
700 rpm was needed during the mixing time to have a good vortex with no air bubbles.   
5.     Finally, the buffer was added, followed by the crosslinker (based on the tables 
presented by the provider company), and mixed for five seconds before loading into the 
viscometer. 
To recreate the same test conditions for all prepared fluids, all viscosity 
measurements were conducted one hour after the initial mixing to avoid any viscosity 
changes due to polymer hydrolysis (Nasr-El-Din and Taylor 1996). Four salts, 
CaCl2∙2H2O, MgCl2∙6H2O, KCl, and NaCl, each in four different concentrations 
(calcium: 200, 400, 600, and 800 ppm, magnesium: 200, 400, 600, and 800 ppm, 
sodium: 5,000, 7,000, 10,000, and 12,000 ppm, potassium: 500, 1,000, 2,000, 3,000 
ppm), have been selected to run the experiments. All tests were repeated three times and 
the two closest values were averaged and reported. 
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Table 2. 1— Composition and range of ion contents.a 
Ions Minimum Concentration (mg/l) Maximum Concentration (mg/l) 
Ca2+ 137 20,100 
Mg2+ 20 1,690 
K+ 28 5,770 
Na+ 540 74,600 
Al3+ 0 4.33 
B3+ 1 192 
Si4+ 0 40.7 
Sr2+ 0 5,049 
Ba2+ 0 2,175 
Fe(2+,3+) 0.3 114 
SO42- 0 2,000 
HCO3- 76 1,190 
Cl- 1,200 153,000 
CO32- 240 430 
TDSb 2,900 252,000 
TSSc 10 13,762 
a Samples were collected from 36 flowback fluids following hydraulic fracturing 
jobs from the West Texas region. 
b TDS = total dissolved solids, mg/l 
c TSS = total suspended solids, mg/l 
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In this study, fluids for well temperatures up to 305 °F (152°C) were used at a 
pressure of 300 psi (2,068 kPa). Two dynamic measuring methods for rheological 
properties of fluids and proppant support and a static method for proppant transport 
experiments were conducted to compare the performance of the fluid systems from a 
broader perspective. The methods used to evaluate the fluids were changing shear rate, 
rheological properties at bottomhole temperatures, small-amplitude oscillatory shear 
(SAOS), and static settling. 
 
 
2.6 Results and Discussion  
 
2.6.1 Viscosity Measurement Tests 
 
Crosslinking agents, such as commonly used borate crosslinked gels, improve 
fracturing fluid viscosity. Although they are less sensitive to shear rate changes and can 
provide higher conductivity in comparison with other fracturing fluids, they are sensitive 
to salt content. High salt concentrations and temperatures can affect the hydration of the 
polymer and the process of crosslinking. The fluid system with 20 pptg of polymer, 1.75 
gpt buffer, and 1.0 gpt crosslinker was selected as the base fluid at 140°F (60°C) and 
different concentrations of salts were added for each case. Borate gels require a pH range 
between 9.5 and 10.5 for optimum efficiency; the pH was measured before and after 
viscosity measurements. If the measured pH is less than 9.5 after the experiments, 
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additional buffer was added and the experiment was repeated. The apparent viscosity 
was measured by using a M5600 viscometer as a function of the shear rate. Fig. 2.1 
shows some precipitations in the fluid that contains 600 ppm of magnesium chloride 
after a viscosity measuring test using a viscometer. Salt contents reduced the solubility 
of the prepared polymers, especially in the presence of divalent cations. The same 
phenomenon was observed in the presence of excessive concentrations of calcium, 
potassium and sodium. The experimental approach that was utilized in this section 
focused on salt concentrations and the viscosity of the prepared gel. These experiments 
investigated the maximum salt content for acceptable viscosity development over 
changing shear rates. 
Laboratory tests were run to determine the viscous properties of fracturing fluids 
prepared with DI water and varying concentrations of different salts. The viscosity of 
samples prepared with different salt concentrations was measured and then compared to 
the viscosity of the original formulation. Typically, high viscous fluids are considered 
suitable candidates due to their good proppant transport capability, although plots cannot 
directly indicate proppant transport properties (Harris et al. 2009b). Figs. 2.2 to 2.7 show 
the viscosity profiles of crosslinked gels containing four various salts in different 
concentrations. The limiting criteria for the acceptable viscosities were 600 and 100 cp 
at shear rates of 40 and 170 s-1, respectively (Bunger et al. 2013). The results show that 
the acceptable salt concentrations at the shear rate of 40 s-1 are less than the ones at 170 
s-1. In the proppant settling process, lower shear rate viscosities are more important 
 20 
 
because the proppant settling occurs at low shear rates. The maximum tolerable 
concentration for each salt was determined.  
 
 
Fig. 2. 1— Precipitation of gel prepared with 35 pptg guar, 4.0 gpt buffer, 1.0 gpt crosslinker loading, 
and 600 ppm magnesium after a shear viscosity test at 225°F (107°C) and 300 psi       
(2,068 kPa). In the picture on the left, there are some precipitation on the bob, and in the 
picture on the right, precipitation can be seen at the bottom of the measuring cup. 
 
Figs. 2.2 – 2.7 show the effect of various salt concentrations on the measured 
viscosity of the base fluid. The apparent viscosity of the borate crosslinked solution 
decreased as the salt concentrations was increased. The effects of divalent cations were 
more severe, and in smaller ranges they decreased the viscosity of the fluid significantly. 
The effect of temperature and salts can be controlled and compensated by tuning the 
concentration of the polymer, buffer, and crosslinker. To meet the minimum acceptable 
viscosity for the fluid and maintain the maximum acceptable salt concentrations, at 
higher temperatures an increase in polymer loadings was needed. In this study, 35 and 
50 pptg of polymer, 4 gpt buffer and 1.0 and 2.0 gpt crosslinker were selected as the 
Precipitation 
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base fluid at 225 and 305°F (107 and 152°C), respectively. The concentration for each 
additive was selected based on fluid preparation instructions from a local service 
company. 
In all experiments, a similar viscosity profile trend was observed for all salt 
contents. Figs. 2.8 to 2.11 show that the apparent viscosities at high shear rates (from 80 
to 100 s-1 and higher) are almost the same. Therefore, it is difficult to interpret their 
behavior in that region. However, this range is wider and more realistic in near wellbore 
region than shear rate of 10 s-1, which was reported in a previous study (Harris et al. 
2009b). Guar is a bar-shaped polymer, and at low shear rates polymer chains are trapped 
together and are not aligned in the flow direction. Consequently, increasing the polymer 
concentration at low shear rates will significantly increase the resistance to flow. 
 
 
Fig. 2. 2— Comparison between gels prepared with different concentrations of divalent ions at 40 and   
170 s-1, 140°F (60°C), and 300 psi (2,068 kPa). The base fluid was a gel prepared with 20 pptg 
guar, 1.75 gpt buffer, and 1.0 gpt crosslinker loading. 
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Fig. 2. 3— Comparison between gels prepared with different concentrations of monovalent ions at 40 and 
170 s-1, 140°F (60°C), and 300 psi (2,068 kPa). The base fluid was a gel prepared with 20 pptg 
guar, 1.75 gpt buffer, and 1.0 gpt crosslinker loading. 
 
 
Fig. 2. 4— Comparison between gels prepared with different concentrations of divalent ions at 40 and  
170 s-1, 225°F (107°C), and 300 psi (2,068 kPa). The base fluid was a gel prepared with 35 
pptg guar, 4 gpt buffer, and 1.0 gpt crosslinker loading. 
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Fig. 2. 5— Comparison between gels prepared with different concentrations of monovalent ions at 40 and 
170 s-1, 225°F (107°C), and 300 psi (2,068 kPa). The base fluid was a gel prepared with 35 
pptg guar, 4 gpt buffer, and 1.0 gpt crosslinker loading. 
 
 
Fig. 2. 6— Comparison between gels prepared with different concentrations of divalent ions at 40 and  
170 s-1, 305°F (152°C), and 300 psi (2,068 kPa). The base fluid was a gel prepared with 50 
pptg guar, 4 gpt buffer, and 2.0 gpt crosslinker loading. 
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Fig. 2. 7— Comparison between gels prepared with different concentrations of monovalent ions at 40 and 
170 s-1, 305°F (152°C), and 300 psi (2,068 kPa). The base fluid was a gel prepared with 50 
pptg guar, 4 gpt buffer, and 2.0 gpt crosslinker loading. 
 
 
However, at high shear rates, the polymer chains are more aligned in the flow 
direction and the resistance to flow was not great. Increasing the polymer concentration 
at high shear rates would not significantly increase the viscosity of the polymer solution. 
Shear rates in the near wellbore region and in fractures vary from 100 to 10 s-1; however, 
the tests have been run from 1 to 1,000 s-1 and vice versa to follow changes and trends. 
In this work, the dissolved solid contents, including calcium, magnesium, 
sodium, and potassium, were investigated. Cationic ions can reduce the hydration of 
fracturing fluid viscosity. In the fluids containing Ca and Mg ions, the effects of these 
divalent cations were very dominant. In the presence of potassium carbonate as buffer, a 
significant amount of these cations precipitated in the forms of calcium carbonate and 
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magnesium carbonate, respectively, after the buffer was added to the solution. The 
insoluble contents significantly impact the crosslinking process. In some cases, 
monoethanolamine was used as a buffer in this work to avoid this problem and minimize 
precipitation. The maximum acceptable concentrations for Ca2+ and Mg2+ were 
approximately 600 and 750 ppm, which were higher than 75 and 71% of the measured 
values in the entire reported flowback fluid samples, respectively. For monovalent 
cations, Na+ and K+, the maximum tolerable concentrations were much higher, 11,000 
and 2,300 ppm, and these ranges cover more than 59 and 97% of analyzed samples, 
respectively. In some cases, the increased density helped to provide a higher viscosity in 
the presence of Na+ and K+. In most of the flowback fluid analyses, the concentration of 
iron ions was 10 to 30 ppm. Although the results show that this concentration of iron 
does not affect the viscous properties of the prepared fracturing fluid, it can significantly 
reduce the functionality of breakers. No changes in measured viscosities were observed 
in the presence of 20 ppm iron ions. The viscosity/shear rate relationship for all prepared 
fluids follow the power-law model (𝜇 = 𝑘𝛾𝑛−1). Where μ is the apparent viscosity, 
mPa.s; k is the power-law constant, mpa.sn; γ is the shear rate, s-1; and n is the power-
law index, dimensionless. The power-law constants (n’ and k) were measured every 15 
minutes. Power-law constants for some of the prepared fluids are given in Table 2.2. 
The effect of the polymer concentration, temperature, and salts on the viscosity 
diminished at shear rates higher than 80 to 100 s-1. This can be due to the rod-like shape 
of the polymer chain.  
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Fig. 2. 8— Comparison between gels prepared with DI water and the fluids containing different 
concentrations of calcium at 225°F (107°C) and 300 psi (2,068 kPa). The base fluid was a gel 
prepared with 35 pptg guar, 4 gpt buffer, and 1.0 gpt crosslinker loading. 
 
 
Fig. 2. 9— Comparison between gels prepared with DI water and the fluids containing different 
concentrations of magnesium at 225°F (107°C) and 300 psi (2,068 kPa). The base fluid was a 
gel prepared with 35 pptg guar, 4 gpt buffer, and 1.0 gpt crosslinker loading. 
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Fig. 2. 10— Comparison between gels prepared with DI water and the fluids containing different 
concentrations of sodium at 225°F (107°C) and 300 psi (2,068 kPa). The base fluid was a gel 
prepared with 35 pptg guar, 4 gpt buffer, and 1.0 gpt crosslinker loading. 
 
 
Fig. 2. 11— Comparison between gels prepared with DI water and the fluids containing different 
concentrations of potassium at 225°F (107°C) and 300 psi (2,068 kPa). The base fluid was a 
gel prepared with 35 pptg guar, 4 gpt buffer, and 1.0 gpt crosslinker loading. 
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Table 2. 2— Power-law parameters of prepared fracturing fluids which were loaded with different 
salt concentrations at 225°F (107°C) and 300 psi (2,068 kPa). 
Ion concentration, ppm Salt type K, mPa.sn n’ R2 
Base Fluid — 9751.8 0.3224 0.9857 
5,000 NaCl 5,935.2 0.4486 0.9897 
7,000 NaCl 5,590.9 0.3951 0.9934 
10,000 NaCl 3,543.8 0.4085 0.9946 
500 KCl 9,663.2 0.2882 0.9898 
1,000 KCl 9,875.4 0.2406 0.9909 
2,000 KCl 3,970.7 0.3417 0.9958 
200 CaCl2 10,679.2 0.2688 0.9851 
400 CaCl2 7,333.1 0.3257 0.9781 
600 CaCl2 1,836.2 0.5585 0.9928 
200 MgCl2 13,116.6 0.2043 0.9844 
400 MgCl2 1,0369.0 0.2403 0.9837 
600 MgCl2 3,543.8 0.4087 0.9834 
 
2.6.2 Effect of Temperature on High-pH Borate Crosslinked Guar-Based Polymer 
 
Usually, fracturing fluids require fairly low total dissolved solids (TDS) in order 
not to sacrifice fluid stability and to be sure rheological properties remain stable. High 
TDS should not sacrifice the rheological characteristics and thermal stability of the 
fracturing fluid (Gupta et al. 2013). The following subsections explore how much 
treatment is needed to make these fluids applicable for future fracturing jobs and which 
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contents can affect the developed fluid more. Two hours of thermal stability tests were 
conducted at a single shear rate (170 s-1), at reservoir temperatures (140, 225, and 305°F) 
(60, 107, and 152°C), and a pressure on the fluids of 300 psi (2,068 kPa) approved in the 
previous section to check the thermal stability of the fluids. The viscosity of the prepared 
base fluids which were loaded with the reported salt concentrations in the previous 
section are shown in Fig. 2.12. The results support that the viscosity profile can be 
adjusted by controlling the amount of dissolved solids in the polymer at bottomhole 
temperature.  
 
 
 Fig. 2. 12— Single shear rate test to investigate the stability of proposed fluids at 140, 225, and 305°F 
(60, 107, and 152°C); 170 s-1; and 300 psi (2,068 kPa). The base fluids were gels prepared 
with 20, 35, and 50 pptg of polymer; 1.75, 4, and 4 gpt buffer, and 1.0, 1.0 and 2.0 gpt 
crosslinker was selected as the base fluid at 140, 225, and 305°F (60, 107, and 152°C), 
respectively. 
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Similar viscosity profiles have been developed for different combinations of 
brines and the tested gels did not break. At lower temperatures (140 and 225°F) (60 and 
107°C), the effect of polymer loading is more dominant than temperature and the 
recorded viscosity for the fluid prepared with 35 pptg of polymer at 225°F (107°C)  is 
higher than the one prepared with 20 pptg of polymer at 140°F (60°C). At higher 
temperatures it is vice versa and the fluid loaded with 50 pptg of polymer at 305°F 
(152°C) showed viscosity value close to the one with 35 pptg of polymer at 225°F 
(107°C). 
 
2.6.3 Small-Amplitude Oscillatory Shear (SAOS) Measurements 
 
The objective of this portion of the work is to measure the elastic and viscous 
properties (G’ and G”) of prepared polymers in the near wellbore region and in fractures. 
Experimental studies were conducted to measure the rheological properties for prepared 
polymers using an oscillatory rheometer. The complex nature of the crosslinked fluid 
makes it more difficult to interpret the results. The storage module, G’, represents the 
elastic response and loss modulus, and G” reflects the viscous response of the fluid. A 
small strain amplitude in the linear viscoelastic limit can measure the storage and loss 
moduli of a fluid at a given oscillation frequency. Fluids with high elasticity 
characteristics show better proppant suspension properties in static and dynamic 
conditions. This method is a nondestructive technique (Harris et al. 2009b). When 
storage and loss moduli cross over, the relaxation time of the network and the settling 
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ability of a suspended particle in the fluid increases (Yount et al. 2005; Loveless et al. 
2011).  
A dynamic-oscillatory viscometer, Grace M5600, at 5% applied strain was used 
to obtain a relationship between the rheological properties and the crosslink network 
structure of a fluid.  Figs. 2.13 to 2.15 show the G’ and G” vs. frequency for the samples 
prepared with fresh water and the fluid which contained a mix of approved salt 
concentrations and modulus crossover at 75 and 225°F (24 and 107°C). At 75°F (24°C) 
the fluid contains a mix of salts that had a faster relaxation time, although the difference 
between them was not significant. The G’ modulus for both of them showed an increase 
in the viscous and elastic regime values, as well as in the elastic values, and the values 
are very close. Therefore, we can conclude that the elasticity of the polymers increases 
with frequency. On the other hand, the G” modulus started to decrease when it reached 
the elastic regime. These values closely follow the same trend in this regime.  
Fig. 2.14 shows that an increase in temperature expanded the viscous regime for 
both fluids. The sample prepared with fresh water had a lower crossover value, but in 
this case the difference was negligible and showed that temperature did not significantly 
affect the crossover points. The increase in temperature severely reduced the G’ and G” 
modulus values, especially in the elastic regime. The presence of salts reduced G’ and 
G” values but did not expand the viscous regime. In Fig. 2.15, the fluids with higher 
polymer loadings showed higher G’ and G” values. However, the same behavior was 
also observed at 225°F (107°C). 
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Fig. 2. 13— SAOS measurements performed on the gel prepared with fresh water and the fluid loaded 
with the maximum acceptable dissolved solid contents at 75°F (24°C) and 5% applied strain. 
The base fluid was a gel prepared with 20 pptg guar, 1.75 gpt buffer, and 1.0 gpt crosslinker 
loading. 
 
 
Fig. 2. 14— SAOS measurements performed on the gel prepared with fresh water and the fluid loaded 
with the maximum acceptable dissolved solid contents at 225°F (107°C) and 5% applied 
strain. The base fluid was a gel prepared with 20 pptg guar, 1.75 gpt buffer, and 1.0 gpt 
crosslinker loading. 
 
 
 33 
 
 
Fig. 2. 15— SAOS measurements performed on the gel prepared with fresh water and the fluid loaded 
with the maximum acceptable dissolved solid contents at 225°F (107°C) and 5% applied 
strain. The base fluid was a gel prepared with 35 pptg guar, 4.0 gpt buffer, and 1.0 gpt 
crosslinker loading. 
 
2.6.4 Static Settling Tests 
 
In hydraulic fracturing treatments, the success of the treatment strongly depends 
on the proper placement of proppant particles in the fracture. "Proper placement" means 
the packing of a fracture to achieve maximum conductivity of gas/oil through the 
fracture into the wellbore. The placement of the proppants along the fracture is based on 
design equations where sand transport velocity is related to the rheological parameters of 
the fracturing fluid and characteristics of the proppant particle, such as size and density. 
Harris et al. (2005) stated that the model for proppant placement in a hydraulic fracture 
should include proppant characteristics, viscous rheological parameters (K and n’), 
elastic parameters (complex dynamic viscosity) from the linear viscoelastic constitutive 
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equation, and the normal stress difference from the nonlinear viscoelastic constitutive 
equation. The influence of the crosslinked-polymer-gel network structure on proppant 
transport was also discussed. To reach a maximum horizontal distance in fractures, a 
sufficient vertical settling time is required. 
The static settling test is conducted on the fluids with acceptable solid contents 
with the base fluid at 75 and 225°F (24 and 107°C). A 20/40-mesh Ottawa sand with the 
apparent specific gravity of 2.65 at an equivalent of 4 lbm/gal was used in these tests. 
This method can visually help us to compare the proppant settling for various fluids. A 
100 ml graduated cylinder was filled with proppant loaded fracturing fluid and placed in 
a see-through cell. The see-through cell can be heated to 450°F (232°C) at a pressure of 
500 psi (3,447 kPa). About 15 (± 5) minutes are required for the sample to reach to the 
cell temperature. The amount of precipitated particles was measured every 5 minutes 
continuing until all of the proppants settled down.  
Proppant settling of the fluid will change as a result of an increase in temperature 
at downhole conditions. A rise in temperature can change the chemical equilibrium, pH, 
the number of crosslink bond of borate-fluid systems, and consequently, the proppant 
transport capacity of gel (de Kruijf 1993). 
The base borate-crosslinked gel and the sample loaded with a mix of salts at 
approved concentrations were tested at 75 and 225°F (24 and 107°C). Fig. 2.16 shows 
the process of proppant settling in the salt loaded sample at different times. Fig. 2.17 
shows that in a 200 minute observation, 73% of proppants in the fresh water sample and 
68% of proppants in the salt mix sample were suspended at 75°F (24°C).  
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 15  minutes 30 minutes 35 minutes 50 minutes 75 minutes  
Fig. 2. 16— Static proppant settling test on the fluid prepared with maximum acceptable dissolved solid 
contents which was loaded with 4 lbm/gal of 20/40 Ottawa sand at 225°F (107°C). The 
base fluid was a gel prepared with 20 pptg guar, 1.75 gpt buffer, and 1.0 gpt crosslinker 
loading. 
 
Temperature has a significant effect on proppant handling characteristics of 
borate crosslinked fluids and as it can be seen in Figs. 2.17 and 2.18, all of the proppants 
settled at 225°F (107°C) much faster than ambient temperature. The proppants settled 
down after 85 and 75 min in the base fluid and the sample loaded with the mix of salts, 
respectively. Fig. 2.19 shows the effect of increasing polymer loading on the proppant 
transport. In this case, increasing polymer loading from 20 pptg to 35 pptg at 225°F 
(107°C), improved the proppant handling in the fresh water sample by 10% and in the 
sample made of acceptable concentrations of salts by 2%. 
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Fig. 2. 17— Comparison between proppant settling of sample prepared with fresh water and the fluid 
prepared with the maximum acceptable dissolved solid contents which were loaded with 4 
lbm/gal of 20/40 Ottawa sand at 75°F (24°C). The base fluid was a gel prepared with 20 pptg 
guar, 1.75 gpt buffer, and 1.0 gpt crosslinker loading. 
 
 
Fig. 2. 18— Comparison between proppant settling of sample prepared with fresh water and the fluid 
prepared with the maximum acceptable dissolved solid contents which were loaded with 4 
lbm/gal of 20/40 Ottawa sand at 225°F (107°C). The base fluid was a gel prepared with 20 
pptg guar, 1.75 gpt buffer, and 1.0 gpt crosslinker loading. 
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Fig. 2. 19— Comparison between proppant settling of sample prepared with fresh water and the fluid 
prepared with the maximum acceptable dissolved solid contents which were loaded with 4 
lbm/gal of 20/40 Ottawa sand at 225°F (107°C). The base fluid was a gel prepared with 35 
pptg guar, 4.0 gpt buffer, and 1.0 gpt crosslinker loading. 
 
 
2.7 Conclusions 
 
The effects of mono and divalent cations on the rheological properties of high-
pH borate crosslinked guar-based polymer were examined in detail. Based on the results 
obtained, the following conclusions can be drawn: 
1. The determined maximum acceptable concentration values for four dominant 
ions (Na2+, K2+, Mg2+, and Ca2+) in flowback fluids show that the high-pH borate 
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crosslinked guar-based polymer fluid has a reasonable quality without 
compromising the required functionality at temperatures up to 305 °F (152 °C). 
2. Potassium and calcium ions have more tolerable limits, and more than 97 and 
75% of reported samples had acceptable ion concentrations at temperatures up to 
305 °F (152 °C), respectively. 
3. Magnesium and sodium are the controlling ions, and about 30 and 40% of 
flowback fluids need treatment to reduce the concentrations of these ions at 
temperatures up to 305 °F (152 °C), respectively. 
4. The viscosity measurements are valid in shear rates up to 80-100 s-1. This range 
is more applicable in decision making in comparison with previous reported 
value (10 s-1). The apparent viscosities at higher shear rates are very close and 
indistinguishable. 
5. The proposed fluid with the maximum acceptable TDS from flowback fluids 
performs very well in SAOS and static settling tests and show acceptable 
proppant transport and handling capability of the fluid.  
These results show that it is technically feasible to reuse flowback fluids 
with minimum treatments regarding ion contents up to the high temperatures.   
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CHAPTER III 
A FEASIBILITY STUDY OF REUSING FLOWBACK FLUIDS IN HYDRAULIC 
FRACTURING TREATMENTS* 
 
3.1 Introduction 
 
Produced water management, historically, has been a concern in the oil and gas 
industry. Produced water in some mature oil fields is 7 or 8 times greater than the 
hydrocarbon production and the large amount of produced water is not the only issue of 
concern. Most of these waters are highly contaminated, and it is necessary to safely 
dispose them to ensure they will not harm the environment. Water injections and use in 
secondary and enhanced oil recovery methods have increased the water demand in the 
oil and gas industry. The importance of the subject became even more critical with the 
introduction of horizontal drilling and multi-stage fracturing. A tremendous volume of 
required and produced water made its management an important subject of concern for 
economic and environmental reasons. 
 
 
 
 
 
 
 
_______________________________________ 
*Reprinted with permission from “Fracturing Fluids: A Feasibility Study of Reusing 
Flowback Fluids in Stimulation Treatments” by Ashkan Haghshenas and Hisham Nasr-
El-Din, 2014. Hydraulic Fracturing Journal. 1 (4) 8-20, Copyright 2014 by 
Petrodomain. 
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Produced water issues can be addressed using any or all of the following methods: 
1- Reduce the amount of required water in jobs (Shipman et al. 2013; Bryant and 
Haggstrom 2012) 
2- Develop more environmentally friendly treatment techniques (Loveless et al. 
2011; Blauch 2010) 
3- Recycle and reuse the flowback fluids (Haghshenas and Nasr-El-Din 2014; 
Fontenelle et al. 2013) 
4- Dispose of flowback fluids by safer methods (Veil 2010; Arthur et al. 2005) 
In this research the reuse of produced water was explored. Literature survey 
(Arthur et al. 2010) shows that 15 - 50% of injected water is flowed back to the surface. 
While this may seem like a small volume, in absolute terms this can be quite significant, 
especially in drought prone regions. Water can be supplied from surface water, 
groundwater, municipal water suppliers, or recycled flowback fluid; depending on 
availability, accessibility, cost, and regulations. The quality of flowback fluid depends 
on the applied treatment as well as formation and hydrocarbon characteristics. The TDS 
of flowback fluids can range from 100 to over 400,000 mg/l (Guerra et al. 2011). Some 
jobs, such as slickwater treatments, can flow back fairly fresh waters that can be reused 
after some hydrocarbon and organic material removal, pH adjustment, scale removal, 
and bacteria removal processes. In high salt contaminated fluids it is also necessary to 
reduce the TDS of the fluid. This is one of the most important processes in water 
treatments and various techniques like evaporation, membrane filtration, distillation, 
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electric separation, and chemical treatment have been tried by various operators (Arthur 
et al. 2005; Arthur et al. 2010; Veil 2010). These methods have shown limited success in 
some cases. This has encouraged oil and gas companies to invest more on water 
treatment systems and to develop new techniques to reduce costs. Onsite treatments can 
greatly help to reduce water acquisition, transportation, and disposal costs. Quality and 
quantity of flowback fluids, future job characteristics, governmental, and practicability 
are factors that influence the decision making process. 
The idea of using seawater and produced water in hydraulic fracturing is not new 
(Harris and van Batenburg 1999; Le and Wood 1992). Previous works indicated that 
there were conflicting opinions regarding the concept of using other sources of water 
instead of fresh water. For example, some researchers show that high salinity can help 
breakers while others believe the reverse effect (Harris and van Batenburg 1999; Hassen 
et al. 2012). Although borate crosslinked guar-based gel has minimal shear sensitivity 
and gel residue (Wiskofske et al. 1997), Gupta et al. (2013) stated that despite better and 
faster clean up and the ability to provide good proppant pack conductivity, conventional 
borate crosslinkers are not good candidates at temperatures greater than 225°F. The wide 
differences in these reports have resulted in uncertainty regarding the use of the 
methodology. 
This study investigated the role of chelating agents to increase the admissibility 
of higher TDS in the fracturing fluids without compromising their main functions. The 
effect of chelating agents on multivalent cations has been widely studied (Putzig and St. 
Clair 2007; Blauch 2010; Fedorov et al. 2010, 2014; Gupta et al. 2013). EDTA was 
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applied to reduce or eliminate the impact of divalent cations (Mg2+ and Ca2+). The 
interference of high concentrations of monovalent cations such as Na+ and K+ with 
viscosity build up was reduced by using a more compatible buffer and higher pH. The 
suitable pH window for guar/borate crosslinker starts from 9.5 (Pezron et al. 1990). In 
this study, the range of pH values was 10.5 to 12.5. 
 
 
3.2 Experimental Studies 
 
The experimental approach in this work focuses on providing sufficient viscosity 
to create a sufficiently wide fracture and transport proppants as the key functions of 
fracturing fluids (Harris and Heath et al. 2009). In the viscosity measurements, different 
salts were tested to investigate the maximum acceptable concentrations of the most 
common salts in the flowback fluids. Viscosity measurements were also conducted to 
determine the fluid behavior at field conditions.  
According to Harris and Heath (2009), a simple viscosity measurement is not 
sufficient to measure the proppant transport characteristic of the polymer solutions. 
Viscoelastic property measurements are needed to investigate the stability of the mixed 
saline fluid and to measure the rheological properties, (storage, G’, and loss, G”, moduli) 
of the proposed fluid and compare them to the fracturing fluid prepared with fresh water.  
Finally, the proppant transport ability of the proposed fluid was examined and 
compared to the selected base fluid. Tests were run at temperatures up to 305°F.  
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3.3 Materials 
 
Size, shape, and length of polymers affect their physical properties. A borate 
crosslinked galactomannan (guar /borate) is selected as the base fluid. This fluid consists 
of guar gum, buffer (monoethanolamine and a mixture of potassium carbonate and 
potassium hydroxide), ethylenediaminetetraacetic acid, diammonium salt (EDTA), and 
crosslinker (a borate solution) as the base components. Calcium chloride dihydrate, 
magnesium chloride hexahydrate, potassium chloride, and sodium chloride (all 
American Chemical Society Grade) were used as sources of monovalent and divalent 
cations in the test fluids.  
Analyses of 36 samples from the West Texas region were collected to determine 
the maximum and minimum values of all the contents (Table 2.1). This study attempted 
to represent produced waters as much as possible. The applied limits surpassed TDS of 
seawater (Table 3.1). 
A Barnstead EASY pure PoDi-model D13321was used to obtain deionized (DI) 
water. The DI water had a resistivity of 18.2 MΩ.cm at room temperature. It was used in 
all polymer preparations. For other chemicals and additives no further purification was 
necessary. A Thermo Scientific Orion 950 ROSS® FAST QC™ titrator was used to 
measure the pH value. Shear viscosity and G’ and G” measurements were conducted by 
using an M5600 HP/HT Rheometer with a R1/B5 and a R1/HB5 rotor-bob system, 
respectively, at 140, 225, and 305°F and a pressure of 300 psi. 
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Table 3. 1— Chemical composition for typical seawater/formation watera 
Component 
Danish 
North Sea 
(mg/l) 
Mediterranean 
Sea (mg/l) 
Offshore 
Angola 
(mg/l) 
South 
China Sea 
(mg/l) 
Gulf of 
Mexico 
(mg/l) 
GOM 
Formation 
(mg/l) 
Sodium 8,800 12,300 14,200 9,900 11,000 42,700 
Potassium 400 380 210 400 470 1,350 
Calcium 420 500 300 420 650 6,120 
Magnesium 1550 1,790 630 1,170 1,220 560 
Strontium 6 - 5 7 10 1,800 
Chloride 22,000 22,000 15,000 18,000 19,700 81,000 
Bicarbonate 140 140 95 110 90 370 
Carbonate - - - - 40 0 
Sulfate 3,300 2,900 1,400 2,500 3,130 0 
a Harris and van Batenburg (1999) 
 
 
3.4 Chelating Agent  
 
Ethylenediaminetetraacetic acid (EDTA) is an aminopolycarboxylic acid. The 
stability constants for chelates of EDTA with multivalent cations are higher than those 
with monovalent cations, and it makes them capable of forming more stable chelates 
(Martell and Calvin 1952). It also shows very good performance at high pH values (8.5 – 
13) (Fredd and Fogler 1998). Chelating agents grab multivalent cations and help to build 
better crosslinks. This phenomenon improves the stability of the solution at higher 
temperatures (Gupta et al. 2013). Sufficient amounts of EDTA could prevent 
 45 
 
precipitation or help the dissolution of multivalent cations into the solution by 
complexation. The down side of this chelating agent is that it is not readily 
biodegradable (Frenier et al. 2003). EDTA is commonly used in stimulation processes to 
prevent scale precipitation and corrosion of tubulars in acid treatments (Shaughnessy and 
Kline 1983; Ali et al. 2002). EDTA is also effective in hydraulic fracturing fluids at low 
concentrations of potassium and calcium and low temperatures (Fischer et al. 2001; 
Khair et al. 2011). In this work diammonium EDTA was used in fluids containing high 
concentrations of divalent (Ca2+ and Mg2+) and monovalent (K+ and Na+) cations at 
temperatures up to 305°F.  The chelating solution was nearly 45.9 wt% active and had a 
pH of 5.72.  It should be noted that all EDTA concentrations are based on as received 
solution.  
 
 
3.5 Preparation of Base Fluids 
 
The following procedure was used in preparation of samples: 
1.     In the preparation of linear gel, 700 ml of fresh or salt water was added to a 1,000 
ml beaker. 
2.     Before adding polymer, the circulating rate for the blender was set at 500 rpm to 
establish a vortex with no air bubbles trapped. 
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3.     A predetermined volume of the guar gum was slowly added to the shoulder of the 
vortex in order to prepare a polymer solution with a specific concentration.  Three 
polymer concentrations were tested: 20, 30, and 50 pptg (pound per thousand gallons) of 
polymer loading. 
4.     The solution continuously mixed for half an hour. An increase in the rotational 
speed to 700 rpm was needed to maintain good vortex without air entrapment. 
5.     In the final stage and in the case of gels prepared in fresh water, 2.0-4.0 gpt buffer 
was added followed by the crosslinker. In the case of brines, 2 wt% EDTA and 16 to 20 
gpt (gallon per thousand gallons) buffer were added. Then, based on the tables presented 
by the provider company, the crosslinker was added and mixed for five seconds before 
loading into the viscometer. At high temperatures a delayed crosslinker was used. 
All tests were repeated three times and the reported value is the average of two 
closest to each other. The measurements were conducted one hour after the preparation 
of the fluids to minimize the effect of polymer hydrolysis on the viscosity of polymer 
solutions (Nasr-El-Din and Taylor 1996). 
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3.6 Results and Discussion  
 
3.6.1 Viscosity Measurements   
 
A series of viscosity measurements was conducted at different temperatures to 
investigate the effect of shear rate on the prepared fluids. The viscosity was measured as 
a function of shear rate from 1 to 1,000 s-1 at 140, 225, and 305°F and 300 psi pressure. 
pH measurements were conducted before and after each test to ensure that the pH values 
were higher than 9.5. This is the minimum acceptable pH to reach a reasonable 
crosslinking stage. No pH less than 10.5 was recorded and, in high monovalent cation 
concentrations, the pH values increased to between 12 and 12.5. 
Properties of polymers can significantly change in the presence of various 
chemical species, such as alkalis, simple salts, and surfactants (Nasr-El-Din and Taylor 
1996). The effect of salt type and concentration on the viscosity of prepared gels was 
studied in detail. Three concentrations of each salt were selected from Table 1 in order to 
cover 70% of reported values. Then, based on the viscosity values, the fourth 
concentration was selected. In the potassium chloride case, the third value was the 
maximum reported value; therefore, the fourth test was not run. In all cases, viscosity 
measurements for a base fluid prepared with fresh water was conducted as well. If the 
salt concentrations were excessively high, the presence of cations could have interfered 
with the hydration and crosslinking process (Gupta et al. 2013). A solution of 2 wt% 
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EDTA was added before and after adding salts. The outcomes were similar. Therefore, 
the EDTA was added to saline solutions to simulate field conditions.  
The base fluids consisted of 20, 30, and 50 pptg of polymer solutions; 2 wt% 
EDTA; 16, 19, and 20 gpt buffer; and 1.0, 1.25, and 3.0 gpt crosslinker at 140, 225, and 
305°F, respectively. Figs. 3.1 to 3.4 show the effect of different concentrations of Ca2+, 
Mg2+, K+, and Na+ on the apparent viscosity of the samples at 225°F. After a certain salt 
concentration, the viscosity dropped significantly. The recorded values at shear rate of 
40 s-1 were taken as controlling values. It is reasonable to set the viscosities lower than 
600 cp at shear rate of 40 s-1, as the limiting criterion (Bunger et al. 2013). To determine 
the exact values, in Figs. 3.5 to 3.10 the viscosity was plotted versus salt concentration 
and the figures were compared at different temperatures. It is necessary to increase the 
polymer loading at higher temperatures to keep up with the set criterion.  
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Fig. 3. 1— Comparison between gels prepared with DI water and the fluids containing different Ca++ 
concentrations at 225°F and 300 psi. The base fluid was a gel prepared with 30 pptg guar,       
2 wt% EDTA, 19 gpt buffer, and 1.25 gpt crosslinker loading. 
 
 
Fig. 3. 2— Comparison between gels prepared with DI water and fluids containing different Mg++ 
concentrations at 225°F and 300 psi. The base fluid was a gel prepared with 30 pptg guar,       
2 wt% EDTA, 19 gpt buffer, and 1.25 gpt crosslinker loading. 
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Fig. 3. 3— Comparison between gels prepared with DI water and fluids containing different Na+ 
concentrations at 225°F and 300 psi. The base fluid was a gel prepared with 30 pptg guar,       
2 wt% EDTA, 19 gpt buffer, and 1.25 gpt crosslinker loading. 
 
 
Fig. 3. 4— Comparison between gels prepared with DI water and fluids containing different K+ 
concentrations at 225°F and 300 psi. The base fluid was a gel prepared with 30 pptg guar,       
2 wt% EDTA, 19 gpt buffer, and 1.25 gpt crosslinker loading. 
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The chelating agent increased the maximum tolerable values up to 82.7%. As 
illustrated in Figs. 3.5, 3.7, and 3.9, EDTA improved the maximum acceptable Ca2+ and 
Mg2+ concentrations from 600 and 750 ppm to 960 and 1,370 ppm, respectively. These 
60% and 82.7% increases covered 86% and 92% of the Ca2+ and Mg2+ concentrations of 
analyzed samples. In Figs. 3.6, 3.8 and 3.10, the samples containing Na+ and K+ showed 
better performance at higher pH values (12 to 12.5). High pH fluids increased the 
maximum Na+ concentration from 11,000 to 16,200 ppm, which was a 47.3% 
improvement, and all reported potassium concentrations were acceptable. These 
concentrations of salts were the maximum acceptable in the presence of EDTA.  
 
  
Fig. 3. 5— Comparison between gels prepared with different concentrations of divalent ions at 40 s-1, 
140°F, and 300 psi. The base fluid was a gel prepared with 20 pptg guar, 2 wt% EDTA,      
16 gpt buffer, and 1.0 gpt crosslinker loading. The gels without EDTA were prepared with 
20 pptg guar, 2.0 gpt buffer, and 1.0 gpt crosslinker loading. 
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Fig. 3. 6— Comparison between gels prepared with different concentrations of monovalent ions at 40 s-1, 
140°F, and 300 psi. The base fluid was a gel prepared with 20 pptg guar, 2 wt% EDTA, 16 gpt 
buffer, and 1.0 gpt crosslinker loading. The gels without EDTA were prepared with 20 pptg 
guar, 2.0 gpt buffer, and 1.0 gpt crosslinker loading. 
 
  
Fig. 3. 7— Comparison between gels prepared with different concentrations of divalent ions at 40 s-1, 
225°F, and 300 psi. The base fluid was a gel prepared with 30 pptg guar, 2 wt% EDTA, 19 gpt 
buffer, and 1.25 gpt crosslinker loading. The gels without EDTA were prepared with 35 pptg 
guar, 4.0 gpt buffer, and 1.0 gpt crosslinker loading. 
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Fig. 3. 8— Comparison between gels prepared with different concentrations of monovalent ions at 40 s-1, 
225°F, and 300 psi. The base fluid was a gel prepared with 30 pptg guar, 2 wt% EDTA, 19 gpt 
buffer, and 1.25 gpt crosslinker loading. The gels without EDTA were prepared with 35 pptg 
guar, 4.0 gpt buffer, and 1.0 gpt crosslinker loading. 
 
 
Fig. 3. 9— Comparison between gels prepared with different concentrations of divalent ions at 40 s-1, 
305°F, and 300 psi. The base fluid was a gel prepared with 50 pptg guar, 2 wt% EDTA, 20 gpt 
buffer, and 3.0 gpt crosslinker loading. The gels without EDTA were prepared with 50 pptg 
guar, 4.0 gpt buffer, and 3.0 gpt crosslinker loading. 
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Fig. 3. 10— Comparison between gels prepared with different concentrations of monovalent ions at 40 s-1, 
305°F, and 300 psi. The base fluid was a gel prepared with 50 pptg guar, 2 wt% EDTA,      
20 gpt buffer, and 3.0 gpt crosslinker loading. The gels without EDTA were prepared with  
50 pptg guar, 4.0 gpt buffer, and 3.0 gpt crosslinker loading. 
 
3.6.2 Thermal Stability at Bottomhole Temperatures  
 
In the previous section, the results showed that EDTA helped the fluid to tolerate 
high salinity, much higher than seawater, and build a very good viscosity over a wide 
range of shear rates. It is a good sign that this fluid can be a viable candidate for 
fracturing fluids, but it is not enough. The proposed fluid should display acceptable 
thermal stability over at least a two-hour single shear rate test at bottomhole temperature. 
High concentrations of divalent cations, such as calcium and magnesium, can increase 
the risk of fracturing fluid failure. The fluids were prepared with the same procedure and 
specifications. Fig. 3.11 illustrates the apparent viscosity over time. The experiments 
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were run at a shear rate of 170 s-1, temperatures 140, 225, and 305°F, and a pressure of 
300 psi in all experiments. The power-law constants (n’ and K) were measured every 15 
minutes. All gels did not break over time and the recorded viscosities were very stable. 
Determining the lowest possible polymer loading was the other part of the test. At 140 
and 305°F, 20 and 50 pptg guar were the minimum polymer loadings which, show 
acceptable viscosities, respectively. However, EDTA enabled us to reduce the polymer 
loading from 35 to 30 pptg at 225°F. The gel loaded with 30 pptg guar and 2 wt% EDTA 
could build better viscosity than the one loaded with 35 pptg guar and no EDTA at 
225°F. 
 
 
Fig. 3. 11— Single shear rate test to investigate the stability of proposed fluids at 140, 225, and 305°F; 
170 s-1; and 300 psi. The base fluids were gels prepared with 20, 30, and 50 pptg of 
polymer; 2 wt% EDTA, 16, 19, and 20 gpt buffer; and 1.0, 1.25 and 3.0 gpt crosslinker 
was selected as the base fluid at 140, 225, and 305°F, respectively. The gels without 
EDTA were prepared with 20, 35, and 50 pptg guar, 2.0, 4.0, and 4.0 gpt buffer, and 1.0, 
1.0, and 3.0 gpt crosslinker loading at 140, 225, and 305°F, respectively.  
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High salinity can act as a breaker in post fracturing treatments (Fischer et al. 
2001). However, high TDS in high pH crosslinked guar/borate systems causes several 
problems. The main issues are reduction in the hydration level, weak viscosity 
development, pH reduction, and interference with the crosslinking process. When all 
salts were added in the fluids, although KCl increased the ionic strength of the solution 
and the performance of the fluid improved, NaCl decreased the rate of dissolution of 
calcium and magnesium precipitations (Fredd and Fogler 1998). 
 
3.6.3 Small-Amplitude Oscillatory Shear (SAOS) Measurements 
 
Although polymer-based fracturing fluids have been used in the oil and gas 
industry for a long time, most of the time the rheological properties of the viscoelastic 
fluids are not very well understood. The change in viscoelastic properties during the 
treatment should be observed. For this purpose, the elastic and viscous properties of the 
prepared fluids were studied at different temperatures. All measurements were 
conducted at ambient and 225°F temperatures. 
The high pH crosslinked guar/borate system is a viscoelastic fluid, and G’ and 
G” represent its elastic and viscous properties. In Small-Amplitude Oscillatory Shear 
(SAOS) measurement, a small strain amplitude (5% in this case) in the linear 
viscoelastic limit can measure the storage (G’) and loss (G”) moduli of a fluid at a given 
oscillation frequency. This is a nondestructive technique. The relaxation time is when G’ 
and G” crossover. The higher the relaxation time, the better the proppant suspension 
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properties in static and dynamic conditions (Harris et al. 2009). In this part, SAOS tests 
were applied to the proposed fluids from the previous sections and the effects of EDTA, 
polymer loading, and high pH were investigated on the viscoelastic properties and, 
consequently, on the proppant transport of the fracturing fluid. Figs. 3.12 through 3.14 
indicate the change of G’ and G” as a function of frequency at ambient and 225°F. In all 
figures, the G” values are higher than G’ at the beginning of the experiments. This is 
because crosslinked guar/borate gel is more of a viscous fluid than it is elastic.  
 
 
Fig. 3. 12— SAOS measurements performed on the gel prepared with fresh water and the fluid loaded 
with the maximum acceptable dissolved solid contents at 75°F and 5% applied strain. The 
base fluid was a gel prepared with 20 pptg guar, 2 wt% EDTA, 16 gpt buffer, and 1.0 gpt 
crosslinker loading. 
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Fig. 3. 13— SAOS measurements performed on the gel prepared with fresh water and the fluid loaded 
with the maximum acceptable dissolved solid contents at 225°F and 5% applied strain. The 
base fluid was a gel prepared with 20 pptg guar, 2 wt% EDTA, 19 gpt buffer, and 2.0 gpt 
crosslinker loading. 
 
 
 
Fig. 3. 14— SAOS measurements performed on the gel prepared with fresh water and the fluid loaded 
with the maximum acceptable dissolved solid contents at 225°F and 5% applied strain. The 
base fluid was a gel prepared with 30 pptg guar, 2 wt% EDTA, 19 gpt buffer, and 1.25 gpt 
crosslinker loading. 
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The main characteristic of Figs. 3.12 through 3.14 is that the crossover points are 
very close in value and even in frequency at both temperatures. This fact indicates that 
EDTA was effective in maintaining the main functionality of the fracturing fluid. Also, 
both followed the same trend in viscous and elastic regions. This included a little buildup 
for G” in the viscous region and as soon as it reached the relaxation point it started to 
decrease. On the other hand, G’ started to build up from the beginning and continued all 
the way until it almost reached a plateau at high frequencies in the elastic region. Figs. 
3.13 and 3.14 show that, regardless of polymer loading, the increase in the temperature 
expands the viscous region. So, these fluids have more dominant viscous properties than 
elastic fluids at higher temperatures. It was noticeable that G’ and G” values are higher 
by one order of magnitude at ambient temperatures. The same trend was also observed at 
higher polymer loading at 225°F. 
 
3.6.4 Static Settling Tests 
 
The static settling test is a simple but practical method which visually enables a 
comparison between proppant settling in different fluids. Fracturing fluid should be able 
to provide adequate transport of proppants in the fracture. The further the proppant 
moves inside the fracture and the higher its conductivity, the more successful the job. 
After the linear gel was prepared, a 20/40-mesh Ottawa sand was added to the fluid 
before the crosslinking process. The proppant had a specific gravity of 2.65 and was 
added at a concentration of 4 lbm/gal. The fluid/proppant mixture was placed in a 100 ml 
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graduated cylinder in a see-through cell that could be heated up to 450°F at a pressure of 
500 psi. The level of proppant settlement through the fluid was recorded every 5 minutes 
for 200 minutes or until all of the proppant had settled to the bottom of the test chamber. 
This experiment would simulate near wellbore conditions where the shear rates are low. 
Fig. 3.14 illustrates the test results at ambient temperatures. Suspension in both 
tests was approximately 70%. To imitate downhole conditions, the tests were also 
conducted at a temperature of 225°F. The samples needed 15 (± 5) minutes to reach the 
cell temperature. Figs. 3.16 and 3.17 confirm that increasing the polymer loading from 
20 to 30 pptg at 225°F significantly increased the performance of both fluids. The base 
fluid was prepared with fresh water and the sample loaded with maximum salt 
concentrations and EDTA showed very good suspension, and 83% and 75% of the 
proppants remained in suspension after about 200 minutes, respectively. Fig. 3.18 shows 
the hourly levels of proppant settling in a sample loaded with salts and EDTA at 225°F. 
 
 
 61 
 
 
 Fig. 3. 15— Comparison between proppant settling of sample prepared with fresh water and the fluid 
prepared with the maximum acceptable dissolved solid contents which were loaded with 4 
lbm/gal of 20/40 Ottawa sand at 75°F. The base fluid was a gel prepared with 20 pptg guar,   
2 wt% EDTA, 16 gpt buffer, and 1.0 gpt crosslinker loading. 
 
  
 Fig. 3. 16— Comparison between proppant settling of sample prepared with fresh water and the fluid 
prepared with the maximum acceptable dissolved solid contents which were loaded with 4 
lbm/gal of 20/40 Ottawa sand at 225°F. The base fluid was a gel prepared with 20 pptg guar, 
2 wt% EDTA, 19 gpt buffer, and 2.0 gpt crosslinker loading. 
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 Fig. 3. 17— Comparison between proppant settling of sample prepared with fresh water and the fluid 
prepared with the maximum acceptable dissolved solid contents which were loaded with 4 
lbm/gal of 20/40 Ottawa sand at 225°F. The base fluid was a gel prepared with 30 pptg guar, 
2 wt% EDTA, 19 gpt buffer, and 1.25 gpt crosslinker loading. 
 
 
 
 
 
 
 
 
 
 
 60 minutes 120 minutes 180 minutes  
Fig. 3. 18— Static proppant settling test on the fluid prepared with maximum acceptable dissolved solid 
contents which was loaded with 4 lbm/gal of 20/40 Ottawa sand at 225°F. The base fluid 
was a gel prepared with 30 pptg guar, 2 wt% EDTA, 19 gpt buffer, and 1.25 gpt 
crosslinker loading. 
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3.7 Conclusions 
 
Static and dynamic rheological measurements and proppant static settling tests 
were conducted using a high-pH guar/borate crosslinked system. Two monovalent 
cations (Na+ and K+) and two divalent cations (Ca2+ and Mg2+) were tested at 
temperatures up to 305°F. Based on the results, the following conclusions can be drawn: 
1. EDTA, polymer loading, and high pH improved the tolerable salinity of the base 
hydraulic fracturing fluid.  
2. Adding 2 wt% EDTA enhanced the viscosity of the fracturing fluid and the 
maximum acceptable concentrations of calcium and magnesium were increased 
60% and 82.7%, respectively.  
3. Fluids containing sodium and potassium performed better at higher pH values.  
4. EDTA resulted in 15% reduction in polymer loading at 225°F. 
5. The thermal stability of the fluids containing EDTA was higher and apparent 
viscosities also increased from ~36% to 95% at different temperatures. 
6. Presence of the chelating agent increased the G’ and G” values by an order of 
magnitude at 225°F.  
7. Proppant settling characteristics of the proposed fluid were very similar to the 
fluid prepared with fresh water. 
Therefore, it is technically practicable to use EDTA in the reuse of flowback fluids in 
hydraulic fracturing jobs.  
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CHAPTER IV 
A ROBUST ADVISORY SYSTEM FOR SELECTION OF FRACTURING FLUID IN 
TIGHT GAS SAND RESERVOIRS 
 
4.1 Introduction 
 
Fracturing fluid selection is a crucial element of hydraulic fracturing treatment 
design. Certain variables, such as reservoir pressure and temperature, thickness of 
fracturing interval, strength of upper and lower barriers, half-length fracture, existence of 
natural fractures, and formation lithology can affect efficiency of the hydraulic fracture 
job. Computational and statistical techniques such as empirical relationships, 
multivariate analysis, Artificial Neural Network (ANN), nearest neighbor algorithm have 
been commonly applied for optimizing hydraulic fracturing design (Ali 1994; 
Anifowose et al. 2013; Sitouah et al. 2013; Voneiff et al. 2013 and 2014; Aulia et al. 
2014; Mehrgini et al. 2014; Maucec et al. 2015). However, these techniques are often 
blindly applied, without a sufficient statistical and computational background, which can 
lead to inaccurate outcome. Fundamental understanding of statistical techniques can help 
in selection of the appropriate method for a reliable application of these techniques. A 
dependable model should generate high prediction accuracy without high level of 
computational complexity (Sitouah et al. 2013). 
Hydraulic fracturing has been the most effective stimulation technique, 
extensively applied in thousands of wells that have been drilled in tight gas sand 
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reservoirs in Texas over the years. Completion and production data from five tight gas 
sand reservoirs in Texas were extracted and collected from a public domain (i.e., 
drillinginfo website) to develop a reliable fracturing fluid selection model for tight gas 
sand reservoirs. The objectives of this chapter are to investigate the effect and weight 
factor of some of the main variables in fracturing fluid selection process and to correlate 
the significant variables that affect the decision making process and develop a fracturing 
fluid selection model for tight gas sand reservoirs from the available data. The ensemble 
learning models have showed superior performance over the other individual learning 
techniques in solving complex problems. After investigating and examining different 
methods, random forest algorithm was selected as the most appropriate technique for 
building a fracturing fluid selection model. Random forest is especially suitable for this 
case where there are discrete and continuous variables and available data are often noisy 
and contain missing values (Anifowose et al. 2013). 
 
 
4.2 Methodology 
 
When it comes to data analysis there are several available techniques that are 
commonly applied in the industry. The first question to ask is “which technique is the 
most appropriate for a specific case of study?”. Selection of a suitable data analysis tool 
can result in an accurate and a reliable outcome. For this selection, it is recommended to 
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have a general understanding of the cons and pros of the various data analysis tools, as 
well as the properties of the case understudy.  
The next step is to determine which properties of the case study are most 
important for fine-tuning the proposed model for accurate and reliable prediction. In this 
work, first we applied several techniques including regression method, conversion of 
categorical variables into numeric variables, ANN, and considered all features and pick 
machine learning algorithm to investigate the feasibility and validity of these methods.  
None of those techniques converged to reliable result, therefore, we used the random 
forest technique (Breiman 2001). 
Several random tree methods have been previously introduced such as subspace 
method for decision forests (Ho 1995and1998), shape recognition (Amit and Geman 
1997), random split selection (Dietterich 2000), and perfect random tree ensembles 
(Cutler and Zhao 2001). In this work, we applied one of the latest and the most reliable 
random forest techniques, developed by Breiman (2001). We used random forest 
package in the R programming language and software, which is an accessible open 
source software for statistical computations. 
Random forest method is a highly versatile ensemble method that integrates 
several decision-making models into one. Random forests models are built from 
aggregating decision trees and they can be used for regression and classification 
problems (Breiman 2001). They can also be applied for building prediction models 
based on dependent variables or for classifying a categorical dependent variable on the 
basis of the observable independent covariance. In all decision tree learning algorithms, 
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a random vector Θk is generated for the kth tree. This independent random vector has the 
same distribution of the other previously generated vectors Θ1, …, Θk-1. These random 
vectors form a classifier consists of a collection of tree-structured classifiers {h(x,Θk), 
k=1, …} where x is an input factor. In this technique, each tree votes for the most 
popular class (Breiman 2001). One of the most dominant characteristics of the random 
forest method is that it has less tendency to overfit compared to other learning 
techniques and can handle large number of features. Also random forest can provide a 
list of most influential features in the predicting process. 
Random forest incorporates the method of bagging and the random selection of 
features in order to build a selection of decision trees with controlled variance (Ho 
1995and1998; Geman 1997; Breiman 1996). Bagging produces an aggregated predictor 
based on multiple versions of a predictor by averaging over the versions in the case of a 
numerical outcome. The multiple versions are created by making bootstrap duplicates of 
the learning set. The combination of learning models increases the classification 
accuracy. In addition, bagging averages noisy and unbiased models in order to create a 
model with low variance in terms of classification. The key factor in the bagging 
technique is the instability of the prediction technique. Bagging can improve accuracy, 
where perturbing the learning set could result in significant different predictor models. 
Despite a low associated bias, deep decision trees that are required for complex data 
analysis have a high variance, due to the large degree of freedom in these trees (Breiman 
1996). Thus, bagging takes a low-bias-high-variance predictor and transforms it into a 
stable and a more accurate ensemble learner. However, if there are a large number of 
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variables in the dataset, bagging cannot adequately reduce the variance. Alternatively, a 
random forest can create a predictor by bagging and randomizing a deep tree, in order to 
reduce the associated variance.  
Furthermore, one of the random forest advantages is to rank the importance of 
variables in a natural way. For this purpose, random forest permutes each variable while 
the rest of variables are left untouched. Then, it estimates the importance of the 
permuted variables by calculating at how much prediction error increased for that 
variable (Liaw and Weiner 2002). In the following sections, we will discuss 
classification of trees and how to incorporate them into the random forest model. 
 
 
4.3 Random Forest Algorithm 
 
Determining and defining input and output variables is the first step in applying 
random forest for analyzing and prediction purposes. The second step is pre-processing 
the data, which includes removing outliers, de-noising, and treating the inconsistent and 
incomplete data such as predicting the missing values in a set of variables. Random 
forest is a binary recursive partitioning. In a binary splitting process the parent node is 
always split into two child nodes and each child node becomes a parent node for the next 
splitting level. Therefore, the third step is calculating the optimal tree depth. In a 
classification tree, splitting is based on maximized entropy or Gini’s index. For a dataset 
T, which contains examples from n classes, Gini index is defined as 
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𝐺𝑖𝑛𝑖(𝑇) = 1 −  ∑ 𝑝2(𝑖)
𝑛
𝑖
… … … … … … … … … … … … … … … … … … … … … … … … … (4.1) 
 
where p(i) is the relative frequency of class i in T. In splitting process of dataset T into 
two subsets T1 and T2 with two different sizes N1 and N2 respectively, the gini index (T) 
is defined as 
 
𝐺𝑖𝑛𝑖𝑠𝑝𝑙𝑖𝑡(𝑇) =
𝑁1
𝑁
𝑔𝑖𝑛𝑖(𝑇1) +
𝑁2
𝑁
𝑔𝑖𝑛𝑖(𝑇2) … … … … … … … … … … … … … … … … … (4.2) 
 
The attribute value that provides the smallest split gini (T) will be chosen to split 
the node. This process can become very complex and it is very important to reach to an 
optimum tree before using it for classification and prediction purposes (Breiman 2001). 
The last step is measuring the contribution of each variable and quantifying its 
importance. The misclassification probability for a dataset with v sub samples of equal 
size N1, N2, …, Nv and the V-fold cross-validation error (ε CV) 𝜀cv for the classification 
tree is defined as  
 
ε𝑐𝑣 =
1
𝑁𝑣
∑ 𝐼(?̂?𝑖(𝑁−𝑁𝑣)
𝑁𝑣
𝑖=1
≠ 𝑦𝑖) … … … … … . … … … … … … … … … … … … . … … … … (4.3) 
 
where ?̂?𝑖(𝑁−𝑁𝑣) is the predicted value of the sample computed from the tree that is 
constructed using N-Nv samples (Maucec et al. 2015). 
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The training set in random forest algorithm consists of two-third of the data 
which will be selected randomly to build a tree. This process will be repeated for all 
trees in the analysis. The remaining one-third of the dataset in each tree is the testing set. 
The Out-Of-Bag (OOB) error estimate is calculated based on the overall 
misclassification in the test datasets of all trees. Thus, evaluation of the OOB error 
performed by the random forest model eliminates the requirement of a cross-validation 
test and identifies the best decision tree (Breiman 2001). 
 
 
4.4 Data Gathering  
 
We reviewed completion and production reports from 164 wells in Olmos, 
Bossier, Morrow, Cotton Valley, and Canyon Sand reservoirs, in Texas, that were 
completed using six different fracturing fluid categories. These reservoirs have different 
characteristics and completion designs. At least 30 wells from each reservoir were 
selected for the analysis in order to ensure that the dataset is representative of the 
variability in the reservoirs. Fig. 4.1 illustrates the locations of the reservoirs.   
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Fig. 4. 1— Reservoirs selected for the study (the red stars on the map show the location of the 
reservoirs). 
 
Six predictor variables were selected based on hydraulic fracturing literature, 
outcomes of reservoir simulations, and surveys of fracturing experts’ opinions. The 
continuous predictor variables in this study included bottomhole temperature (BHT), 
bottomhole pressure (BHP), and pay zone thickness. The discrete variables were lower 
and upper barrier strength and Young’s modulus of lower barrier. The response variable 
was calculated by extracting the pause and resume events for a particular job from the 
event job table, and then the duration between the pause and resume was summed for a 
particular job, resulting in optimum tree. Five hundred trees were generated and the 
process repeated 100 times. The sample data is shown in Table 4.1. 
     Selected Reservoirs 
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Table 4. 1— Sample of the wells properties 
 
 
 
4.5 Properties and Characteristics of the Selected Reservoirs 
 
Most of completion and production data used in this study are accessible on 
public domains (e.g., drillinginfo website). Among the selected reservoir properties, 
BHT, BHP, and pay zone thickness were presented and published on public domains. 
The distributions of these input parameters are illustrated in Fig. 4.2 to 4.5. 
API# County Total Depth Field Name Reservoir Name depth (ft) PI Top (ft) PI Bottom (ft)  wellhead pressure (psi) Cumulative Gas (MCF)
1 42-183-31341 Gregg 10,680 WILLOW SPRINGS (COTTON VALLEY) COTTON VALLEY 7400 7386 10498 1200 2,421,201
2 42-423-31584 Smith 12,060 OVERTON (COTTON VALLEY SAND) COTTON VALLEY SAND 11600 11544 11760 3475 1,512,510
3 42-183-31547 Gregg 10,650 WILLOW SPRINGS (COTTON VALLEY) COTTON VALLEY 7400 7441 10473 3300 1,216,000
4 42-423-31658 Smith 11,950 OVERTON (COTTON VALLEY SAND) COTTON VALLEY SAND 12000 11690 11783 3350 1,038,042
5 42-423-31604 Smith 11,954 OVERTON (COTTON VALLEY SAND) COTTON VALLEY SAND 11600 11582 11724 4350 970,911
6 42-423-31622 Smith 12,035 OVERTON (COTTON VALLEY SAND) COTTON VALLEY SAND 11700 11584 11846 3215 910,779
7 42-183-31643 Gregg 10,750 EASTON, N. (COTTON VALLEY) COTTON VALLEY 9900 9153 10635 4115 825,575
8 42-423-31680 Smith 11,912 OVERTON (COTTON VALLEY SAND) COTTON VALLEY SAND 11600 11482 11724 2265 784,555
9 42-423-31576 Smith 12,252 OVERTON (COTTON VALLEY SAND) COTTON VALLEY SAND 11800 11704 11998 3650 761,156
10 42-183-31653 Gregg 10,850 EASTON, N. (COTTON VALLEY) COTTON VALLEY 10000 9265 10718 1615 731,433
11 42-183-31605 Gregg 10,825 WHITE OAK (COTTON VALLEY SAND) COTTON VALLEY SAND 10500 10382 10666 4658 695,601
12 42-183-31573 Gregg 10,938 GLENWOOD (COTTON VALLEY) COTTON VALLEY 10700 10640 10815 4650 668,421
13 42-183-31565 Gregg 10,795 WHITE OAK (COTTON VALLEY SAND) COTTON VALLEY SAND 10600 10514 10646 4415 640,407
14 42-423-31695 Smith 12,028 OVERTON (COTTON VALLEY SAND) COTTON VALLEY SAND 11700 11544 11804 3215 589,977
15 42-183-31606 Gregg 10,825 GLENWOOD (COTTON VALLEY) COTTON VALLEY 10600 10505 10687 4888 555,293
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Fig. 4. 2— Distribution of pay zone thickness for all selected wells. 
 
 
Fig. 4. 3— Distribution of pressure gradient for all selected wells. 
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Fig. 4. 4— Distribution of bottomhole pressure for all selected wells. 
 
 
 
 
Fig. 4. 5— Distribution of bottomhole temperature for all selected wells. 
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On the other hand, lower and upper barrier strengths and Young’s modulus of 
lower barrier are not reported on public domains. Thus, we used an indirect approach to 
estimate these properties. In cases where sonic logs were available, we used 
compressional and shear wave velocity measurements to estimate dynamic elastic 
moduli (Zhixi et al. 1997) via 
 
𝐸𝑑 = 𝜌𝑣𝑠
2(3𝑣𝑝
2 − 4𝑣𝑠
2)/(𝑣𝑝
2 − 𝑣𝑠
2) ……………………………………………...… (4.4) 
 
where Ed is the dynamic elastic modulus, Gpa, Vp is the compressive wave velocity, m/s, 
Vs is the shear wave velocity, m/s, and 𝜌 is the bulk density, kg/m. 
 In the absence of sonic logs, we estimated the elastic properties by incorporating 
mineralogy and shapes of rock constituents using an effective medium theory called self-
consistent approximation (Mavko et al. 2009). We first used gamma ray log to estimate 
the clay and non-clay (sand) content in the reservoir. We then applied the self-consistent 
approximation to estimate the effective bulk and shear moduli by 
 
∑ 𝑋𝑖(𝐾𝑖 −  𝐾𝑠𝑐
∗𝑁
𝑖=1 )𝑃
∗𝑖 = 0 ………………………………………………………... (4.5) 
  
and 
 
∑ 𝑋𝑖(𝜇𝑖 −  𝜇𝑠𝑐
∗𝑁
𝑖=1 )𝑄
∗𝑖 = 0 …………………………………...…………………… (4.6) 
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where K*SC and μ*SC are the effective bulk and shear moduli of the rock, Xi is the 
volumetric concentration of the rock component i, Ki and μi are the bulk and the shear 
moduli of the rock component, and P*i and Q*i correspond to the shape geometry of each 
rock component. Young’s modulus and Poisson’s ratio were then calculated from the 
estimates of bulk and shear moduli. Next, the brittleness index introduced by Rickman et 
al. (2008) was calculated based on the estimates of Young’s modulus and Poisson’s ratio 
via 
 
𝐵𝑟𝑖𝑡𝑡𝑖𝑛𝑑𝑒𝑥 = (
𝐸𝐵𝑟𝑖𝑡𝑡+𝑣𝐵𝑟𝑖𝑡𝑡
2
) 100 ……………………………………………………. (4.7) 
 
where EBritt and ʋBritt are normalized Young’s modulus and Poisson’s ratio and  
 
𝐸𝐵𝑟𝑖𝑡𝑡 = (
𝐸−𝐸𝑚𝑖𝑛
𝐸𝑚𝑎𝑥−𝐸𝑚𝑖𝑛
) …………………………………………..…………………… (4.8) 
 
and 
  
𝑣𝐵𝑟𝑖𝑡𝑡 = (
𝑣−𝑣𝑚𝑖𝑛
𝑣𝑚𝑖𝑛−𝑣𝑚𝑎𝑥
) ……………………………………….……………………….. (4.9) 
 
where Emax and Emin are the maximum and the minimum Young’s moduli, and ʋmax and 
ʋmin are the maximum and the minimum Poisson’s ratios. 
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4.6 Reservoirs Selection 
 
There are several tight gas sand reservoirs in Texas that operators have been 
attempting to optimize their completion and production. To date, thousands of wells 
have been drilled by industry in Texas and a wide variety of completion designs have 
been employed in tight gas sand reservoirs in Texas. We analyzed public domain 
completion and production data on 164 wells in five tight gas sand reservoirs in Texas to 
investigate the influence of reservoir parameters on completion design and build a 
fracturing fluid selection model based on previous successful jobs. In this section we 
have presented a brief history and description of each selected reservoir. 
 
4.6.1 Cotton Valley Reservoir 
 
Cotton Valley reservoir, located in the East Texas, is one of the largest and the 
oldest reservoirs which has been completed by various hydraulic fracturing treatments 
using different types of fracture fluids such as crosslinked gel and slick water. The 
typical completion designs in this reservoir have two to four stage fracture treatments. 
Starting from the deepest interval, the producing intervals are usually fracture stimulated 
one at a time. Then, all stimulated intervals are placed on production after flowback 
(Malpani 2006).  
This reservoir mainly consists of tightly cemented, very fine to fine-grained 
sandstone interbedded with mudstone, carbonate, and siltstone. It is extended from 
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Northeast Texas to Northwest Louisiana (Spain et al. 2011). Production interval of this 
reservoir ranges from approximately 750 ft to more than 15,000 ft subsea along the 
southern margins of the East Texas Basin and Louisiana-Mississippi Salt Basins 
Provinces (Dyman and Condon 2006). 
For this work, 31 wells in Cotton Valley reservoir from Gregg and Smith 
Counties in Texas were selected. Some of the most important characteristics of these 
wells are as follows: 
 All wells are active vertical gas wells with at least 7 years of production history.  
 The completion and production interval is from 7,386 to 11,998 ft. 
 Pay zone thickness is from 8 to 1,244.8 ft.  
 Pressure gradient is from 0.23 to 0.57 psi/ft.  
 BHT is from 207 to 290°F. 
 Cumulative gas production is from 137,951 to 2,427,017 MCF.  
Fig. 4.6 illustrates the location of the selected wells on the map. 
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Fig. 4. 6— Cotton Valley reservoir wells snapshot (Thirty one wells were selected from Gregg and 
Smith Counties in Texas) 
 
4.6.2 Olmos Reservoir 
 
The Olmos formations of the Rio Grande Embayment area is a gas reservoir 
throughout Webb, LaSalle, McMullen, and Dimmit counties of South Texas. Most of the 
best quality reservoir facies are extended from west-southwest to east and south of 
Texas. The reef line continues towards south-southwest and through Webb County 
extends down into Mexico. Improvements in hydraulic fracturing technologies, 
application of modern high-resolution logs, large scale slick water fracturing, and 
horizontal drilling in the mid ’90s have resulted in exceptional well performance within 
Olmos reservoir and boosted the production, which was initially marginally profitable 
(Condon and Dyman 2003). 
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For this work, 40 wells in Olmos reservoir from Webb County in Texas were 
selected. Some of the most important characteristics of these wells are as follows: 
 All wells are active vertical gas wells with at least 10 years of production history.  
 The completion and production interval is from 4,458 to 7,366 ft. 
 Pay zone thickness is from 2 to 152 ft.  
 Pressure gradient is from 0.14 to 0.47 psi/ft.  
 BHT is from 148 to 220°F. 
 Cumulative gas production is from 103,450 to 602,751 MCF. 
Fig. 4.7 illustrates the location of the selected wells on the map. 
 
 
Fig. 4. 7— Olmos reservoir wells snapshot (Forty wells were selected from Webb County in Texas) 
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4.6.3 Canyon Sand Reservoir 
 
The origin of Canyon Sands are Upper Pennsylvanian deposits found on the 
Permian Basin eastern shelf, Texas and in the Val Verde basin, located in Val Verde, 
Sutton, and western Edwards counties in Texas. The Canyon group has deposited during 
Missourian time on the eastern shelf. 
The Canyon Sand has been active for more than three decades with commercial 
gas production. Top and bottom of the reservoir are at 2,000 to10,000 ft, respectively. 
The reservoir has produced approximately 2 TCF of gas. This reservoir covers more than 
10 counties in South Central Texas. Average estimated quartz content for this reservoir 
ranges from 77 to 85%. Rock fragments consist of quartzites, limestone, phyllites, 
siltstone, slates, and shale clasts. Clay grains are present and consist of more than 20% 
of the rock matrix (Trabelsi 1994). 
For this work, 33 wells in Canyon Sand reservoir from Crockett County in Texas 
were selected. Some of the most important characteristics of these wells are as follows: 
 All wells are active vertical gas wells with at least 10 years of production history.  
 The completion and production interval is from 3,839 to 9,558 ft. 
 Pay zone thickness is from 12.8 to 1,375.2 ft.  
 Pressure gradient is from 0.17 to 0.43 psi/ft.  
 BHT is from 159 to 250°F. 
 Cumulative gas production is from 112,521 to 889,098 MCF.  
Fig. 4.8 illustrates the location of the selected wells on the map. 
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Fig. 4. 8— Canyon Sand reservoir wells snapshot (Thirty three wells were selected from Crockett 
County in Texas) 
 
4.6.4 Morrow Reservoir 
 
The Denver Basins and Lower Pennsylvanian Morrow formation of the 
Anadarko consists of shale and sandstone and it has about 1,800 ft thickness. The 
Morrow reservoir produces gas in Oklahoma, Texas, Kansas, and Colorado. The 
dominant mineralogy in the Morrow is sandstone. Morrow reservoir has been divided 
into three categories based on their differences in terms of depositional setting and 
geographic properties: deltaic, shallow marine, and incised valley-fill (Turner et al. 
2008). 
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For this work, 30 wells in Olmos reservoir from Ochiltree, Roberts, Hansford, 
Lipscomb, and Hemphill Counties in Texas were selected. Some of the most important 
characteristics of these wells are as follows: 
 All wells are active vertical gas wells with at least 7 years of production history.  
 The completion and production interval is from 6,742 to 15,082 ft. 
 Pay zone thickness is from 3.2 to 1,861.6 ft.  
 Pressure gradient is from 0.13 to 0.65 psi/ft.  
 BHT is from 140 to 270°F. 
 Cumulative gas production is from 259,976 to 4,040,402 MCF.  
Fig. 4.9 illustrates the location of the selected wells on the map. 
 
 
Fig. 4. 9— Morrow reservoir wells snapshot (Thirty wells were selected from Ochiltree, Roberts, 
Hansford, Lipscomb, and Hemphill Counties in Texas) 
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4.6.5 Bossier Reservoir 
 
The Jurassic-age Bossier sands were located in the East Central part of Texas and 
deposited in the East Texas Basin. This sedimentary basin is one of the three major salt 
provinces in the US and one of the most active tight gas sands plays in the North 
America over the last decade (Newsham and Rushing 2009). The western shelf margin 
of the East Texas Basin has been the most active section of Bossier sand in the past and 
current developments. The Bossier interval is a thick lithological complex composed of 
black to gray-black shale inter bedded with fine grained argillaceous sandstone. The 
sand-body thickness varies from tens to several hundred feet (Rushing et al. 2008). 
For this work, 30 wells in Olmos reservoir from Freestone County in Texas were 
selected. Some of the most important characteristics of these wells are as follows: 
 All wells are active vertical gas wells with at least 7 years of production history.  
 The completion and production interval is from 8,397 to 13,070 ft. 
 Pay zone thickness is from 42.4 to 1,869.2 ft.  
 Pressure gradient is from 0.25 to 0.60 psi/ft.  
 BHT is from 270 to 301°F. 
 Cumulative gas production is from 285,692 to 2,611,435 MCF.  
Fig. 4.10 illustrates the location of the selected wells on the map. 
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Fig. 4. 10— Bossier reservoir wells snapshot (Thirty wells were selected from Freestone County in 
Texas) 
 
 
4.7 Results and Discussion 
 
In this section, we explain the decision making model developed for tight gas 
sand reservoirs. As mentioned before, there are several crucial parameters in fracturing 
fluid selection which are selected based on experts’ opinions. We provided details on the 
process of variable selection in the data gathering section of this chapter. The objective 
of this study was to predict fracturing fluid in tight gas sand reservoirs. The step by step 
process for this purpose was as follow: 
After variables affecting the decision tree were selected, similar fluid types were 
lumped into general categories, in order to improve prediction capability of the model. 
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Lumping reduced the fluid types from 31 to 5 general categories: CO2/N2/foam, 
CO2/N2/foam assisted hybrid, low concentrate gel, slick water, hybrid gel, and 
crosslinked gel. The distribution of the fluid categories is illustrated in Fig. 4.11. 
Crosslinked gel and slick water treatments were the most and the least applied fracturing 
fluid categories, respectively, among the selected wells. 
 
 
 
Fig. 4. 11— Fracturing fluid categories distribution in the selected dataset. 
 
There is a minimum acceptable number of trees for each case to reach a reliable 
outcome. Although in our case this value is approximately 50 trees, we generated 500 
trees to ensure the stabilization of OOB error (Fig. 4.12). The performance for a smaller 
number of variables can usually be improved by increasing the number of trees. As a 
rule of thumb, 500 to 1,000 trees were generated in each random forest run. We 
generated 500 trees in each run and then repeated this procedure 100 times.  
Fluid 1 CO2/N2/foam
Fluid 2 CO2/N2/foam assisted Hybrid
Fluid 3 Low Concentrate Gel
Fluid 4 Slick water
Fluid 5 Hybrid Gel
Fluid 6 Crosslinked Gel
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Fig. 4. 12— Minimum number of acceptable trees for the applied dataset. 
 
Two trees with the lowest OOB error were nominated for the selection of the best 
decision tree in predicting the appropriate hydraulic fracturing fluids in tight gas sand 
reservoirs. Fig. 4.13 illustrates the first tree, which was generated in the first run. This 
tree has 38 nodes and the OOB error in this case was 29.02%. In Fig. 4.14 shows the 
other candidate tree with 19 nodes and 28.54% OOB error. The OOB errors in these 
cases are similar and additional analysis is required to select the best decision tree. The 
calculated OOB in each case shows the deviation from dataset. There is a possibility that 
the selected fracturing fluids in some wells were not the most appropriate treatments, 
although they have resulted in production enhancement. Therefore, the calculated OOB 
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error identifies the deviation from the dataset. Experts’ opinions are required for 
improving the accuracy of the result produced by a decision tree. 
The next step was to check the validity and reliability of the proposed decision 
trees. In general, the more nodes in the tree leads to less accuracy in prediction by the 
tree. As the number of nodes increases, the risk of overfitting also increases (Breiman 
2001). Fig. 4.15 illustrates the accuracy of the models versus number of nodes in each 
tree. The result shows that the tree with 19 nodes is more accurate and reliable based on 
the prepared dataset. 
The final step was to calculate the variables importance and to determine the 
most important variables in the process of fracturing fluids selection in tight gas sand 
reservoirs. Fig. 4.16 shows that the BHT and Young’s modulus of the lower barrier are 
the most and the least important variables in this process, respectively. 
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Fig. 4. 13— The decision tree generated in the first run with 38 nodes and 29.02% OOB error. YM and LB are the abbreviations of Young’s 
modulus and lower barrier, respectively. 
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Fig. 4. 14— The decision tree generated in the 47th run with 38 nodes and 28.54% OOB error. YM and LB are the abbreviations of Young’s 
modulus and lower barrier, respectively. 
 
BHT ≤ 269°F
Pressure ≤ 
4376 psi
Strong Lower 
Barrier
BHT ≤ 174°F
Fluids 2
Pressure ≤ 
2025 psi
Fluid 3
Strong Upper 
Barrier 
Strong YM of 
Lower Barrier
Fluid 1Fluid 2
Fluid 5
Fluid 3
Pressure ≤ 
5707 psi
Fluid 4
Payzone ≤ 
36.6 ft
Fluid 6Fluid 3
Fluid 6
Yes No
Yes
Yes
Yes
Yes
Yes
Yes
No
No
No
No
No
No
Yes No
NoYes
Fluid 1 CO2/N2/foam
Fluid 2 CO2/N2/foam assisted Hybrid
Fluid 3 Low Concentrate Gel
Fluid 4 Slick water
Fluid 5 Hybrid Gel
Fluid 6 Crosslinked Gel
 91 
 
 
Fig. 4. 15— Accuracy of the two proposed models with 38 and 19 nodes versus size of tree 
 
 
Fig. 4. 16— Applied variables versus mean decrease accuracy (LBarrier, UBarrier and YMLB are the 
abbreviations of lower barrier, upper barrier, and Young’s modulus of lower barrier, 
respectively) 
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4.8 Conclusions 
 
The application of random forest on the dataset of 164 wells from five different 
tight gas sand reservoirs in Texas, showed that random forest could be successfully 
applied to develop a decision tree for selection of hydraulic fracturing fluids. The 
random forest technique is powerful in its ability to break up complex data and handle 
various types of data that includes categorical, continuous, and missing values. The 
following conclusions can be drawn from the results observed in this study: 
1. The model statistically inferred from a set of well data can be successfully 
applied to hydraulic fracturing fluid selection, to enhance hydraulic fracturing 
design. 
2. The advantage of the developed model based on random forest algorithm, 
compared to conventional statistical approaches is its ability to cope with 
complex datasets by randomization. 
3. The tree with 19 nodes was more reliable than the one with 39 nodes. 
4. This model can handle a combination of factors and continuous variables for 
fracturing fluid selection. 
5. With data from 164 well and 6 selected influential variables, we reached the 
OOB error of 28.54%.  
6. Bottom-hole temperature, pay zone thickness, and mechanical strength of lower 
barrier were found to be the most influential parameters for fluid selection which 
complied with our expectation.  
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7. Pressure gradient and mechanical strength of the upper barrier were only 
marginally important in this fracturing fluid selection.  
8. CO2/N2/foam assisted hybrid fluid was the best predicted by our model with an 
error of approximately 20%. 
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CHAPTER V 
CONCLUSIONS AND RECOMMENDATIONS  
 
This work can be categorized into 3 main sections. In the first part, the effects of 
mono and divalent cations on the rheological properties of high-pH borate crosslinked 
guar-based polymer were examined at high temperature conditions. The second part of 
this dissertation described the application of EDTA in flowback fluids for enhanced TDS 
tolerance of the base fluid in future hydraulic fracturing jobs. Finally, in the last section 
we constructed a decision making model for fracturing fluid selection for optimized 
hydraulic fracturing in tight gas sand reservoirs. This section reiterates important 
conclusions from each chapter of the dissertation. Main conclusions are reiterated, and 
recommendations regarding future research are provided.  
 
 
5.1 Effect of Dissolved Solids on Reuse of Produced Water at High Temperature 
in Hydraulic Fracturing Jobs 
 
1. The results show that the high-pH borate crosslinked guar-based polymer fluid 
has a reasonable quality without compromising the required functionality at 
temperatures up to 305 °F (152 °C). 
2. Potassium and calcium ions exhibit tolerable limits for the reuse of flowback 
fluids in future hydraulic fracturing jobs. 
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3. More than 97 and 75% of reported samples had acceptable ion concentrations at 
temperatures up to 305 °F (152 °C), respectively. 
4. Magnesium and sodium are the controlling ions, and about 30 and 40% of 
flowback fluids need treatment to reduce the concentrations of these ions at 
temperatures up to 305 °F (152 °C), respectively. 
5. The viscosity measurements are valid in shear rates up to 80-100 s-1. This range 
is more applicable in decision making in comparison with previous reported 
value (10 s-1). The apparent viscosities at higher shear rates are very close and 
indistinguishable. 
6. The proposed fluid with the maximum acceptable TDS from flowback fluids 
shows acceptable proppant transport and handling capability of the fluid. This 
fluid performs very well in SAOS and static settling tests. 
Results show that flowback fluids can be reused in hydraulic fracturing 
with minimum treatments regarding ion contents at low and high temperatures.   
 
 
5.2 A Feasibility Study of Reusing Flowback Fluids in Hydraulic Fracturing 
Treatments 
 
Static and dynamic rheological measurements and proppant static settling tests 
were conducted using a high-pH guar/borate crosslinked system. Two monovalent 
cations (sodium and potassium) and two divalent cations (calcium and magnesium) were 
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tested at temperatures up to 305°F. EDTA, polymer loading, and high pH improved the 
tolerable salinity of the base hydraulic fracturing fluid. Conclusions from this section is 
as follows: 
1. Viscosity of the fracturing fluid was enhanced by adding 2 wt% EDTA and 
tolerance for the maximum acceptable concentrations of calcium and magnesium 
was increased to 60% and 82.7%, respectively.  
2. Increasing pH of the base fluid allows for higher concentrations of sodium and 
potassium in the fluid. 
3. EDTA resulted in 15% reduction in polymer loading at 225°F. 
4. The thermal stability of the fluids containing EDTA was higher compared to 
fluids without EDTA. 
5. Apparent viscosities of base fluids containing EDTA were increased by 
approximately 36-95%, compared to base fluids without EDTA, at different 
temperatures. 
6. Presence of the chelating agent increased the G’ and G” values by an order of 
magnitude at 225°F.  
7. Proppant settling characteristics of the proposed fluid were similar to the fluid 
prepared with fresh water. 
8. It is technically practicable to use EDTA in the reuse of flowback fluids in 
hydraulic fracturing jobs.  
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5.3 A Robust Advisory System for Selection of Fracturing Fluid in Tight Gas 
Sand Reservoirs 
 
The application of random forest on the dataset of 164 wells from five different 
tight gas sand reservoirs in Texas, showed that random forest could be successfully 
applied to develop a decision tree for selection of hydraulic fracturing fluids. The 
following conclusions can be drawn from the results observed in this chapter: 
1. The model built using well data can be successfully applied for enhanced 
decision making in hydraulic fracturing fluid selection. 
2. The benefit of the developed model based on random forest algorithm, compared 
to conventional statistical approaches, is its ability to cope with complex datasets 
by randomization. 
3. Between the two candidate decision trees that were selected based on prediction 
statistics, the tree constructed using19 nodes was more reliable than the one with 
39 nodes. 
4. The developed model is capable of handling a combination of factors and 
continuous variables for fracturing fluid selection. 
5. With data from 164 well and 6 selected influential variables, an OOB error of 
28.54% was obtained.  
6. Bottom-hole temperature, pay zone thickness, and mechanical strength of lower 
barrier were among the most influential parameters for fluid selection. 
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7. Pressure gradient and mechanical strength of the upper barrier were only 
marginally important in the fracturing fluid selection.  
8. CO2/N2/foam assisted hybrid fluid was the best predicted by our model with an 
error of approximately 20%. 
 
 
5.4 Recommendations 
 
 Although this dissertation contributes to the reuse of flowback fluids as a viable 
practice in hydraulic fracturing jobs and focuses on optimizing fracturing fluid selection, 
there remains many areas in hydraulic fracturing that requires further research. The 
following lists the recommendations for possible future research: 
1. An investigation of the impact of bacteria, dissolved/soluble organic, dispersed 
hydrocarbons, and other flowback contents on the feasibility of flowback fluids 
reuse in hydraulic fracturing. 
2. Construction of a robust advisory model for selection of optimum treatments to 
enhance reuse of flowback fluids in hydraulic fracturing jobs.  
3. An investigation on the impact of different types of chelating agents on TDS 
tolerance alterations of flowback fluids used as a base fluid in hydraulic 
fracturing. 
4. Enhancement of the developed fracturing fluid selection model by incorporating 
additional parameters such as presence of natural fractures and fracture half-
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length, as well as inclusion of more accurate data on mechanical and elastic 
properties of the barriers. 
5.  Performing experiments to measure viscosity for an analysis on the effect of 
additives in flowback fluid on the breaking process of hydraulic fracture fluids.  
6. Selection of compatible breakers for the reuse of flowback fluids in hydraulic 
fracturing. 
7. Conducting coreflood experiments to investigate the effect of additives in 
flowback fluid on fracture conductivity and formation damage. 
8. Development of fracturing fluid selection advisory model for enhanced hydraulic 
fracture jobs in other unconventional resources such as organic-rich shale 
reservoirs.  
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